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Diodes électroluminescentes flexibles a base de nanofils

Les dispositifs flexibles ont connu un essor durant la derniére décennie, justifié par la promesse de nouvelles
applications. Parmi ses applications, on retrouve des produits de consommation pour particuliers, tels que des
textiles intelligents et écrans flexibles, mais également des produits médicaux, tels que les capteurs dits « sur-
peau » ou certains autres dispositifs tels que des implants cochléaires optogénétiques.

En ce qui concerne les LEDs, certains procédés ont permis d’aboutir a la construction de dispositifs flexibles
fonctionnels, prouvant ainsi la faisabilité du projet. Ces dispositifs sont produits par encapsulation de structures
InGaN/GaN a nanofils dans une matrice élastomére, conférant au dispositif les propriétés mécaniques de cette
derniere, tout en rendant possible 'émission lumineuse. Les structures sont alors arrachées de leur substrat lors
du procédé dit du « peel off ». Dans ces premiéres études, il a été choisi d’utiliser un procédé de croissance dit
autoorganisé pour la fabrication des nanofils. Cette approche permet d’obtenir des structures de grande taille
avec une distribution aléatoire, ce qui est avantageux pour I'encapsulation du dispositif. En revanche, cette
géométrie avantageuse est obtenue au prix de I’'homogénéité des propriétés des nanofils, ce qui signifie que la
longueur d’onde d’émission ainsi que I'intensité lumineuse ne sont pas constantes sur la surface du dispositif.

Dans ce doctorat, il a été fixé pour but de réaliser des dispositifs similaires, mais en utilisant des nanofils crus
par croissance dite sélective. Cette approche permet de contréler le positionnement des structures ainsi que
d’assurer une grande homogénéité des propriétés. En revanche les dimensions et le positionnement rapproché
des structures les unes des autres introduisent des nouvelles problématiques par rapport aux précédents
dispositifs, notamment pour I'encapsulation.

Quatre axes de travails ont été choisis dans ce projet :

-Dans un premier temps, une étude du procédé de croissance des nanofils a été réalisée. Cette étude vise a
préciser les connaissances concernant la croissance verticale de structures n-GaN par dopage Si.

-Dans un second temps, les connaissances acquises durant cette étude ont été mises a profit pour optimiser la
croissance de la coquille, contenant I’'hétérostructure active InGaN/GaN ainsi que la couche p-GaN.

-Ces deux études permettant d’optimiser les différentes étapes de la réalisation des structures, il a été choisi
ensuite d’utiliser les structures obtenues pour la réalisation de dispositifs flexibles par encapsulation et peel off.
L'optimisation du procédé et la mesure de performance des dispositifs obtenus ont été menées a bien et sont
détaillées dans ce manuscrit.

-Dans un dernier temps, une étude de la croissance de structures InGaN/GaN a été réalisée sur substrat 2D,
particulierement ici sur graphene. Ce mode de croissance innovant permet de s’affranchir des liaisons
covalentes entre le substrat et les matériaux épitaxiés, qui représentent typiquement un obstacle lors de I'étape
de peel off.

A la suite de ces différents axes de travail, nous espérons fournir au lecteur une compréhension générale des
méthodes et problématiques liées a la croissance de structures InGaN/GaN a nanofils, des défis liés a la
fabrication de dispositifs flexibles, et de certaines des approches mises en place dées I'étape de croissance pour
contourner ces défis.

Mots Clés:
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Flexible nanowire light emitting diodes

Flexible devices have boomed in the last decade, motivated by promises of new applications. Among these
applications, consumer products can be noted, such as smart textiles and flexible screens, but also medical
products, such as so called “on-skin” sensors or devices such as optogenetic cochlear implants.

Regarding LEDs, some processes have allowed to build operating flexible devices, hence demonstrating the
feasibility of the project. These devices are made through the encapsulation of InGaN/GaN nanowire structures
in an elastomer matrix, giving to the device the mechanical properties of the latter, while enabling light
emission. The structures are then ripped from the substrate, through a process called the “peel off”. In these
firsthand reports, it was chosen to work with a so called self-assembled growth process for nanowire
fabrication. This approach yields structures with important lengths and a random distribution, which is an
advantage for encapsulation of the device. However, this advantageous geometry comes at the cost of the
homogeneity of the properties of the nanowires, meaning that the wavelength and intensities are not constant
on the whole device.

In this PhD, the goal that was set is to fabricate similar devices, but instead using nanowires grown through
selective area growth. This method allows to control the position of the structure and ensures high
homogeneity of properties. However, the dimension and close spacing of the structures introduce a new issue
compared to the previous devices, particularly for encapsulation.

Four areas of work were defined in this project:

- First, a study of the growth process of the nanowires was conducted. This study aims to precise the knowledge
regarding vertical growth of Si-doped n-GaN.

-Second, the knowledge acquired in the first study is used to optimize the growth of the shell, which contains
the active InGaN/GaN heterostructure as well as the p-GaN layer.

- These two studies allow to optimize each step of the fabrication of the structure, and it was therefore decided
to use the obtained samples for the elaboration of flexible devices through encapsulation and peel off.
Optimization of the process and characterization of the performances of the obtained device were carried and
detailed in this manuscript.

- Last, an investigation of the growth of InGaN/GaN structures was realized on 2D substrates, in the present
case on graphene. This innovative growth mode allows to work without covalent bonding between the
substrate and the epitaxial material, which hinders the peel off.

Following these work areas, we hope to provide the reader with a general understanding of the methods and
problems linked to the growth of InGaN/GaN nanowire structures, of the challenges linked to the fabrication of
flexible devices, and of the alternative approaches used as early as the growth stage to avoid these issues.
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Introduction:

In recent years, the fabrication of flexible devices has been a subject of growing interest!?. In
electronics, they provide a wide variety of new possibilities ranging from consumer products to medical
applications including skin sensors. In the particular case of LEDs, the development of flexible displays is
very attractive for the consumer market. In the medical domain in particular, recent improvements in the
field of optogenetics® represent a new application for flexible light sources. With this technic, neural cells
can be genetically modified to be stimulated or inhibited by visible light. Is it thus now possible to transmit
a signal from an optoelectronic system to a neuronal system. This approach is particularly interesting, as
it does not require any physical contact or chemical exchange between the electronic system and the
neurons. This approach is already being studied for applications such as cochlear implants®, which could
allow for a breakthrough in solving partial and complete auditory losses. The use of visible InGaN/GaN
heterostructures for this specific process is relevant, as there is already a known process to make neurons
sensitive to blue light. Indeed, the genetically modified neurons are able to express Channelrhodopsin-2,
a protein with a fast response time and a sensitivity between 400 and 500 nm®, which is the range of
maximum efficiency for light emission in InGaN/GaN QWSs". However, while InGaN/GaN LEDs are a
promising candidate for cochlear implants, the shape and dimensions of the cochlea requires the device to

be small and flexible *.

In the case of flexible devices, several geometries have been used® !°, but the one that is the most
fulfilling for this application is the micro/nanowire geometry!'. Indeed, this configuration allows to easily
encapsulate the semiconducting structure in a flexible polymer and separate it from its substrate. The
footprint of the structure is of micrometric scale, which allows for a lower cohesion with the substrate and
an easier separation. The footprint is also orders of magnitude lower than the aimed radius of curvature
for these devices, and they hence suffer little strain when bending the device. Last, they take advantage of

their longitudinal geometry to reach large emission areas despite a small footprint.

In most of the devices presented in the literature, the nanowires used for light emission were grown
through a self-organized process' 4. Using the MOCVD growth technique, this process allows to grow
nanowires with significant length, easily reaching several tens of micrometer. This, along with a low spatial
density and a random distribution allow for an easy encapsulation and subsequent peel-off. However, this
is done at the cost of the optical properties, which are inhomogeneous and may result in variations of

wavelength and light intensity across a single device.

We thus propose an approach based on the selective area growth of GaN by MOCVD: the
nanowires positions are determined by the pattern performed in a dielectric mask, on which growth takes
place®. The main advantage of this process is that it offers a high homogeneity of the nanostructure
properties. On the other hand, the structures are usually smaller than what is achieved in self-organized

growth, with heights of the order of 10 pm. This is usually compensated by a high density of structures,
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which allow to get larger emission areas than what would be obtainable on a planar device of the same
size'®. However, the large nanowire density introduces complications in the use of liquids due to capillary
effects, which are enhanced by the close spacing between nanowires!”. Hence, using such structures in the
fabrication of flexible devices bring about numerous advantages in terms of properties homogeneity and
absolute figures of merit, but requires an optimization to address the new challenges posed by this

alternative approach.

In this PhD, we aim at a complete optimization of the different processes that would be used in
the fabrication of a SAG based nanowire flexible device, including the growth. The work carried out is

presented in 6 chapters:

- In Chapter I, the basis for understanding the material physics discussed in this manuscript
are introduced. This is presented through three separated parts. In the first one, the general
properties of nitrides will be introduced. The method for growth, including processes and
substrates will then be presented. Last, the basic theory for the different processes for nanowire
fabrication will be given.

- In Chapter II, the background on the selective area growth of nanowires by MOCVD will be
provided. In the second part of the chapter, the basic methods used for the characterization
of the heterostructures will be presented.

- Chapter III focuses on the specific case of Si-assisted core nanowire growth. Indeed, nanowire
growth is commonly assisted by the growth of a sidewall dielectric layer, which precise nature
was unknown at the beginning of this PhD. In this chapter, an investigation on the properties
of this layer is provided. The observations made during these studies also allowed to gain some
new insight on the kinetics of nanowire growth, and an updated model for GaN nanowire
growth by MOCVD is presented.

- In Chapter IV, an optimization of the shell is presented in light of the results obtained while
studying core growth. A new step is introduced during the process of growth, leading to an
extended area of emission on the sidewalls of the nanowires, overcoming the main problem
encountered by such nanowire-based LEDs up to now.

- Based on these optimizations, new structures were processed for the fabrication of flexible
devices, with the aim of fabricating a homogeneous flexible light emitting diode. In Chapter
V, the work done toward this goal is presented along with the properties of the obtained
sample. An emphasis has been put on the encountered challenges and provided solutions,
whenever this was possible. Further, clues to further optimize this process will be also
described.

- In Chapter VI, an alternative approach for the realization of GaN-based flexible devices is
proposed, i.e. the growth on 2D materials. The main advantage of 2D materials is that they
lack dangling bonds, meaning that the growth proceeds without the formation of covalent
bonds. This greatly reduces the cohesion between the structures and the substrate, which is
advantageous for the peel-off step of the process. Hence, we have investigated the possibility
of growth on graphene as an alternative way to produce flexible devices. The obtained results

will be analyzed along with a discussion on the properties of the fabricated devices.
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The work presented in these chapters has been shared between 3 laboratories, each responsible for
a different aspect of the work. These laboratories are the Center of Research on HeteroEpitaxy and its
Applications in Valbonne (CRHEA), the Center of Nanoscience and Nanotechnologies of Palaiseau (C2N),
and the Grenoble Institute for Interdisciplinary Research (IRIG). The combined expertise of these
laboratories allowed to address the different challenges of the PhD. CRHEA is an institute where a variety
of epitaxial processes are used, which makes it ideal for the study of selective area growth. Besides, CRHEA
features some fine characterization equipment that has been used in this PhD, such as cathodoluminescence
or transmission electron microscopy. This work is mainly presented in chapters 3 and 4. C2N hosted the
fabrication of devices in their cleanroom. Indeed, being the largest academic cleanroom in France, the C2N
facility is the perfect environment for developing and optimizing a variety of cleanroom processes. The
C2N has also fabricated flexible LEDs! in the past, providing expertise in the fabrication. This work is
presented in Chapter 5. Last, IRIG is where the growth on 2D materials was explored. Indeed, IRIG has
historically been one of the first laboratories to grow self-assembled nanowires'® and has experience on
growing GaN nanostructures on 2D materials®. The graphene was fabricated at the CRHEA by propan-
CVD, a process developed by A. Michon?. The work done in collaboration between the CRHEA and the
IRIG is presented in Chapter 6.
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Chapter 1:

III-Nitride materials: the case of GaN
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In this PhD, we aimed to develop 1D nano-objects with a core-shell geometry in order to build a complex
device, being a flexible LED. We sought to take advantage of the properties associated with this
morphology combined with the intrinsic properties of the chosen material. To understand choices made in
this work, it is therefore necessary to have a first-hand understanding of the properties of the material in
these devices. In this chapter, we aim to talk about the basic properties of III-Nitride semiconductor
materials with an emphasis on GaN, present the main strategies of growth, and explain how the nanowire

geometry came to be the main object of this work.

1. BASIC PROPERTIES

I-nitride is a subclass of T1I-V materials, consisting of an atom from the Boron group (column
IT) and an atom from the Nitrogen group (column V), and their alloys. They are found in a wide range
of applications because of their tunable direct bandgap' and their ability to make high electron mobility
components?. They are thus used for optoelectronic® and power! applications. Moreover, the bandgap of
this family of materials covers a wide part of the light spectrum ranging from infrared for InN° to deep
UV for AINS, including the visible spectrum. In this part, the properties of IIl-nitrides and especially of
GaN will be presented.
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1.1 STRUCTURAL PROPERTIES

1.1.1 CRYSTALLINE STRUCTURE

[II-nitrides can crystalize in three forms: Wurtzite, Zinc Blende, and rock-salt. The first one is a
hexagonal wurtzite (WZ) lattice, while the two others are cubic structures. However, both the Zinc Blende
(ZB) and rock salt configurations are metastables™, and hence less commonly encountered than their WZ
counterpart. This document will thus mostly focus on WZ GaN, and it will be considered as the default

crystallographic configuration unless specified.
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Figure I-1: Crystallographic structure of WZ IlI-Nitride(a), main crystallographic planes and their

corresponding directions (b). the nitrogen atoms have been removed in (b) for better visual clarity.

The wurtzite structure is represented in Fig. I-1(a). It can be described using the unit vectors
(ag,ay, ), which define the unit cell of the lattice. As can be seen, each atom is bounded with four atoms
of the opposite specie. The two N and III atoms are organized following the same compact hexagonal
packing, shifted by u = (3/8) - ¢ . Because of this hexagonal symmetry, the crystal is usually described
using Bravais-Miller indexes, (h, K, 1,1) instead of the regular Miller indexes (h,Kk,1). The additional term
i allows to consider the rotational symmetries present in hexagonal structures and is defined such as i =
—(h + K). Overall, the lattice can be described using only a and ¢, with a = ||a;|| = ||az|| and ¢ = ||c]|.

The values of a and c are given for each nitride specie in Table I-1.

AIN ¢ GaN ¢ InN 10
a(A) 3.111 3.189 3.539
c () 4.979 5.178 5.708

Table I-1: Lattice parameters of AIN, GaN, and InN.

The Zinc Blende! structure is presented in Fig. 1-2. While less common than wurtzite GaN, this
structure may be encountered as part of the work realized in this project. Similarly, to the Wurtzite
structure, each atom is bounded to 4 neighboring atoms. The structure III and N atoms both follow a Face

Centered Cubic configuration, shifted by u = %al + %az + %33.
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Figure 1-2: Crystallographic structure of Zinc Blende IlI-nitrides

Because of their similar coordination number, both Zinc Blende and Wurtzite structure share some
similarity. However, there is a key difference to both structures, which is the stacking, as can be seen in
Fig. I-3. In the case of the WZ structure, the stacking follows an AB configuration'?, where a pattern of

two layers composed of a Ill-sublayer and a N sublayer alternate along the c-direction. In the zinc
Blende structure, the stacking is presented along the [1,—1, 1] direction and follows an ABC stacking'?,

the pattern is constituted of three repeating layers, instead of two.
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Figure I-3: Comparison in the stacking in WZ-GaN and ZB-GaN
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1.1.2 SPONTANEOUS AND PIEZOELECTRIC POLARIZATION

The difference of electronegativity between N and the IIT elements are significant (1.04, 1.13 and
1.27 for GaN, InN and AIN respectively'?), meaning that the barycenter of charges is separated along the
chemical bonds. From this simple fact, one can expect polarization to occur if the dipoles do not compensate
each other because of the crystalline structure. Two different types of polarization can be distinguished:
polarization caused by the arrangement of the atoms in the crystal, called spontaneous polarization, and
polarization caused by a distortion in the lattice caused by strain, called piezoelectric polarization. In this

part, we will explain why wurtzite nitride compounds maybe subjected to both.

There are two separate explanations for the spontaneous polarization in III-Ns, which both

contribute to the creation of a large dipole over the whole crystal:

- The first explanation that has been provided is the non-ideality of the WZ structure in nitrides.

Indeed, the bonds around the atoms form tetrahedra, which is regular only if 2 = %E ~ 1.632. However,

the measured values give slightly lower values, such as reported in ref.'* | or as be calculated from Table
[-1. The non-ideality discrepancy & in nitrides goes such as 8gany < Oinn < San, Which is consistent with
the fact that the spontaneous polarization P goes such as Pgany < Pipny < Paiy - The main consequence of
this irregularity of tetrahedron is an unbalance in the dipoles around the III atom, that results in a dipole
along the c-direction. In 1993, Hanada et al.'* used this explanation as the sole responsible for piezoelectric

polarization, but it would later be shown that it is not the case.

- Bernardini et al.'? calculated that even in an ideal tetrahedron structure, the polarization in WZ
nitrides would not be zero, proving the presence of another contribution to polarization. As shown in Fig.
I-4, the wurtzite structure, is non-centrosymmetric, and the (0001) and (0001) direction are not
equivalent. This, combined with the strong separation of dipoles in the Ill-nitride materials, leads to the
apparition of a spontaneous polarization along the c-axis. It also means that the individual dipoles in the

lattices can add up to form a long-range polarization across the crystal.

This nonequivalence of the +c and -c¢ directions in the crystal structure imply that they need to
be differentiated, as shown in Fig. I-4. If the bottom atom of the vertical bond is a I1I atom, the crystal is
said to have a Ill-polarity, whereas if it is a N atom, the crystal has a N-polarity. The III-polar and N-
polar configurations also exhibit different properties, such as the number of dangling bonds for IIT and N
atoms. This induces differences in chemical, thermodynamical and structural properties. One example lies
in the ability to attack N-polar Ill-nitrides with KOH, in opposition to Ill-polar structures which are
resistant. One proposed is that the OH™ group in KOH bounds to a III dangling bound as the first step of
the attack before attacking the Ga-N bond of the surface but is screened by a N dangling bond . The N-
polar structure features one dangling bond per N atom, and three dangling bonds per III atom, meaning
that the OH" groups can easily bound to the structures. On the other hand, III-polar GaN only features
one dangling bond per I atom, and three dangling bond per N atom, meaning that the OH™ group is going
to be screened. This example shows that in most cases, the different properties between III and N-polar is

caused by the different density of both IIT and N dangling bonds, which have different properties.
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Figure 1-4: Stacking around the (0001) III-N bond in III polar and N polar configurations.

Piezoelectric polarization is the second source of polarization in III-Nitrides. It is caused by strain
of the material, which will also deform the unit cell and hence add further displacement of the charge
barycenter. This phenomenon hence arises when forming heterostructure with materials, which lattice is
not matched with the one of the III-N. The two main cases in which this effect is encountered is the growth

on a non-native substrate, and the growth of III-N heterostructures such as quantum wells.

1.1.3 COMMON CRYSTALLINE DEFECTS

Defects in semiconductors have an important role in the properties of a given material, both the
macroscopic and microscopic scale in the semiconductor. For example, Takeya et al. suggested a direct
link between the diffusion of point defects toward and the failure of AlInGaN lasers'”. Hence, it is necessary
to present the common defects that can be found in III-N semiconductors to better understand how

different properties can emerge from them.

1.1.3.1 POINT DEFECTS

Point defects are defect created at a single atomic point in the crystalline lattice and are hence
zero dimensional. They can be classified in 3 categories, with different notations that will be used in the

rest of this work, and are represented in Fig. [-5:

- vacancies, in which an atom is lacking in the lattice. For example, a Ga vacancy has the following

notation: vg,

- substitutional, in which an atom occupies the position of another in the crystal. For example, a Si atom

occupying a Ga site will have the following notation: Sig,

- interstitial, in which an atom is found outside of a predicted site in the lattice. For example, a Si

interstitial will be noted has: Si;
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Figure I-5: Illustration of the different types of crystallographic defects with examples in GaN across the

c-plane.

Substitutional or interstitial defects are called intrinsic if they imply only atoms present already
in the crystal (for example in GaN, a Ga atom on a N site, or an interstitial Ga), and extrinsic if it implies

an impurity atom (such has an interstitial Si in GaN).

Point defects can also associate to create defect pairs. Two cases can arise. First, the Frenkel
defect, in which an atom leaves its site to become an interstitial defect. In the case of GaN, the two possible
Frenkel defects are vg,Ga; and vyN;'® . The second case is the Schottky defect, which is a pair of vacancies
of both the anion and the cation. In GaN, a Schottky defect would mainly be made of v¢,vy. It should be
noted that an array of other defects pairs or clusters' can be created. For example, in GaN, the formation
of defect pair such as vg,Oyn and CyOy are both suspected as potential centers for common defect related
emissions®, that will be discussed in a later paragraph. These defects have associated formation energies

and migration barriers, allowing to assess their stability in the material as well as their ability to diffuse®.

The presence of these defects induces mechanical distortion in the matrix because of the breaking
of the lattice, but also electrostatic ones because of the modification of the local arrangement of charges.
Hence a high density of defects can be responsible for a modification of the properties of the material. In
semiconductors, the inclusion of point defects often results in the modification of electronic properties such
as the conductivity. In the example of GaN, Sig,? and Mgg,* are often used as n and p-dopant
respectively. Another noteworthy behavior of defects in semiconductor is that in the case of light emission,
defects tend to act as so-called deep centers and non-radiative centers (NRCs), hence responsible for
parasitic contributions as well as a drop in the efficiency of the overall light emission. Such cases will be

seen in further details in a latter part.

1.1.3.2 DISLOCATIONS

A second case of common defect in crystalline materials is the dislocation. Dislocations are long
range linear defects and are usually seen as the manifestation of irreversible deformation, called plastic
deformation, in the material. They typically consist in a discontinuity in the arrangement of an atomic
column, leading to the intercalation of a new atomic column. In the case of epitaxial material, dislocations

323,24

are mainly created because of the coalescence of two nuclei*®?! or because of lattice mismatch®. It is
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important to note that in that latter case, the deposited layer must exceed a critical thickness for plastic
deformation to occur®. Dislocations are generally separated in two categories, namely the screw and edge
dislocations, which usually accommodate twist between two nuclei and lattice mismatch between two
structures respectively?”. A dislocation can be characterized by its Burger vector, which represents the
magnitude and direction of the crystalline distortion induced by the dislocation. The main difference
between the edge and screw dislocation is that in the case of an edge dislocation, the burger vector is in
the same direction as the propagation (Fig. 1-6(a)), whereas a screw dislocation has its burger vector
perpendicular to propagation (Fig. I-6(b)). In the case of screw dislocation, the direction of propagation
tends to rotate during growth, creating a pyramidal dislocation such as described in ref.?® . This spiraling
growth is the reason why it is called screw dislocation. The last kind of dislocation is the mixed dislocation,
as shown in Fig. I-6(c). In mixed dislocation, the dislocation line changes direction within the crystal, and

can be decomposed at each point into a screw and edge dislocation.

y

Figure 1-6: Edge (a), screw (b), and mixed type dislocations ((c) taken from ref. * )

Different kinds of dislocations are expected to form during epitaxial growth. First, in the case of
nucleus coalescence™, edge dislocation accommodate twist (difference of rotation around the ¢ axis), while
screw dislocation accommodate tilt (difference of rotation around the a axis)*. Also, heteroepitaxy on a
wafer with a high lattice mismatch will create edge dislocation with a burger vector along the a direction.
Such dislocation can also be part of a mixed dislocation, and eventually transition to a threading ¢ screw

dislocation going to the surface of the material.
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1.1.3.3 STACKING FAULTS

Stacking faults (SFs) are the last defects that have been playing a role in this work. They are a
2D defect and will hence extend to a whole atomic plane in the material and occur when the rules of
stacking in the material are locally broken. There are several kinds of stacking faults in nitride systems,

and a quick overview of the characteristics of these defects will be provided in this paragraph.
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Figure I-7: I1 (a), I2 (b) and E (c¢) configuration for basal stacking faults.

The basal stacking fault is the most common of the SFs in nitride compounds (BSF's). It usually
consists in the inclusion of one (I1), two (I2) or more (E) bilayers of Zinc Blende structure within a
Wurtzite crystal (Fig. [-7). 11 and 12 are intrinsic stacking faults, meaning that they are essentially a shift
between two purely wurtzite structures, while E is an extrinsic, meaning that the stacking fault introduces
a sequence that is absent from the wurtzite structure, and cannot be obtained from shifting two wurtzite
structures only?*?%.

While the basal stacking fault is the most encountered in nitride materials*, other kinds of stacking
faults are also commonly found. Indeed, in opposition to basal stacking faults, which form along the
hexagonal c-plane of the material, some stacking fault also form along the m and a-planes of the material®.
These planes are the facets of a hexagonal prism along the c-plane base and are hence sometimes called
prismatic crystallographic planes. Hence, m and a-plane stacking faults are called prismatic stacking faults
(PSFs). In the literature, most reports regarding PSFs talk about the two stable configurations of (1120)

a-plane stacking faults®.

The last kind of stacking faults encountered in nitrides is the inversion domain boundary (IDB)
and double positioning boundaries (DPB) sometimes called stacking mismatch boundary (SMB) when
observed at the interface between two grains nucleated on different terraces®. In the previously presented
cases of stacking faults, the stacking fault was a local perturbation of the stacking, but the crystalline
directions were the same on each side of the defect. In the case of IDBs and DPBs, some of the
crystallographic directions are modified by the defect. In the case of the IDB, the defect is characterized

by an inversion of the polarity at the defect. Several models have been proposed to describe the local
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arrangement at the boundary in nitrides®, with the most observed one corresponding to the results of
Northrup et al®, who propose that at the IDB, the crystal is also shifted by éc to avoid creating
unfavorable ITI-ITT and N-N bonds (Fig. I-8). In the case of the DPB, the boundary separates two twin
crystallites®, meaning that the boundary acts as a plane of symmetry for both crystals. In this case, the
boundary is considered as non-coherent, meaning that the twin boundary exhibits some distortion to

accommodate both structures. The DPB will not be represented, as it is not commonly encountered.
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Figure 1I-8: Inversion Domain Boundary in GaN

1.2 OPTOELECTRONIC PROPERTIES

As stated previously, III-N materials are of particular interest for light emitting devices because
they allow to cover a large portion of the electromagnetic spectrum, from deep UV to close infrared, as
disclosed in Fig 1-9. In this part, the band structure of III-N will be presented, and further attention will

be given on the luminescence of GaN and InGaN compounds.
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Figure 1-9: Bandgap as a function of lattice parameters for binary wurtzite III-N compounds.
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1.2.1 BAND STRUCTURE AND TRANSITIONS

The band structure of GaN and other III-N materials have been thoroughly studied in the last
decade, and several theoretical studies as well ag measurements have allowed to draw a clear picture of
the electronic structure of these materials (Fig. I-10). In their Wurtzite configuration, TII-N materials are
direct bandgap, meaning that the minimum in the conduction band and the maximum of the valence band
are both located at the T' point (k=0). They do not require thus the presence of phonons to achieve a

direct transition, which makes them efficient candidates for light emissions.
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Figure 1-10: Band structure of Ill-nitrides (taken from ref. ** )

In the case of the study of direct bandgap semiconductor, the I' point and its vicinity, will describe

most of the transitions. We will hence only focus on this point of the graph in this paragraph.

The band structure around the gap is represented in Fig. I-11. As represented, the structure differs
for GaN and AIN, with InN having a structure similar to that of GaN, with different energy values. In this
figure, only the lowest point in the conduction band is represented, as the electrons often thermalize toward
the lowest possible value of the conduction band before an optical emission, making the study of the other

conduction bands useless when it comes to light emission.

The calculation of energy levels is performed by integrating the Schrodinger equation for each
orbital in the crystal. However, because this calculation is both long and technical, we will not showcase
it here, and rather present the main conclusions of this calculation. In III-nitrides, the three highest valence
bands correspond to the three levels of outer p orbitals. In Zinc Blende compounds, these three states are
equivalent, and would only account for a single 3-fold degenerate band. However, the geometrical imbalance
in the wurtzite lattice breaks the symmetry allowing for this degeneracy, and hence creates a splitting
between p, and both p, and p, orbitals. This effect is called the crystal field splitting and can be
characterized by the energy difference between p, and the two-fold degenerate p, /p, band, called A¢g. In
the case of GaN and InN", Acp is positive, meaning that the bands related to p,/py is going to be higher
in energy than the one of p,, while in AIN*2, A.r is negative, meaning that the p, band is the highest of
the valence band. This is responsible for a difference in the polarization of the emitted light by GaN, InN
and AIN: in GaN and InN, the polarization is mostly longitudinal, while in AIN, it is mostly transversal.
However, this model assumes that the p,/p, are degenerate, which is inconsistent with what is measured
in reality. Another source of splitting between the bands exists and must be considered to precisely describe

their properties.
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This second source of splitting is the spin orbit coupling, which describes the interaction between
the spin of a particle and its movement or its energy level. While the details of calculation of spin orbit
coupling won’t be provided here, it is important to understand its consequences. Mainly, spin orbit coupling
lifts the degeneracy between the levels corresponding to the p, and p, orbitals. Since each of these orbitals
is constituted of two electrons of opposite spin, it is also responsible for further splitting of each energy
level into two sub bands. However, the energy difference between two sub bands associated to same orbitals
are generally small when compared to the difference between two orbitals, especially around the I' point,
and are usually considered as degenerated. Also, the energy difference between the levels corresponding to
the py and p,, orbitals in AIN is small when compared to Acp, and it is generally accepted to consider these

two orbitals as degenerated.
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Figure I-11: Band configuration around the I' point in GaN/InN (a) and in AIN (b)

When an electron receives enough energy to get to the conduction band, it creates a free negative
charge in the crystal. For this charge to be compensated, a positive hole is created in the valence band.
This can create a dipole binding the two particles with coulombic forces, responsible for the creation of a
quasi-particle named exciton. The exciton is created through the binding of a positive and negative charge,
separated by a given radius. In inorganic semiconductors, excitons are typically bounded by a length
greater than the lattice of the crystal, reaching several nanometers in some cases. Because Excitons are
created when a transition occurs, they are part of the light emission process in LEDs. The collapse of an

exciton leads to the emission of a photon of energy:

EFX = EG - EB (1.1)
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Egp being the binding energy of the exciton, E; the gap energy, and Epy the energy of the free exciton.

In a semiconductor, the presence of impurities and crystalline defects, can also create inter-band
energy levels (Fig. 1-12). These levels can bind to exciton, or even act as levels to which carriers will
recombine. An impurity with a level above Fermi level will be classified as a donor, while an impurity with
a level below Fermi energy will be classified as an acceptor. The different energy transition occurring in
semiconductors are exhibited in Fig. I-12. It should be noted that in the case of nitrides, there are 3 types
of free excitons noted A, B and C, which correspond to the transitions from the conduction bands to the

respective valence levels in Fig. I-11.
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Figure 1-12: Radiative recombination pathways in direct bandgap semiconductors.

1.2.2 LUMINESCENCE

1.2.2.1 MAIN CONTRIBUTIONS

Regarding the radiative recombinations in the bulk material, they are close to the value of the gap,
which are provided in the Table I-2. In this work, the main band edge emission encountered is the one of
GaN, which, at room temperature, is dominated by free exciton recombination®. The associated band edge
of the material is sensitive to its properties, such as its lattice parameter or chemical composition in the
case of an alloy these variations of the band edge are sometimes used to probe some of the properties of

the material, such as its crystalline quality through its full width at half maximum, or its strain through

its position.

AIN! GaN'! InN'!
Eg (eV) 6.2 3.39 1.9-2.05

Table 1-2: Bandgap energies for AIN, GaN and InN at 300 K.
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Contrarily to the near band edge, the contribution coming from the quantum well can be tuned

by modifying either the depth or the thickness of the quantum well (QW). In the case of InGaN QWs, the

following equations gives the energy of emission of a fraction of In x and a thickness h''.

With:

Eqw(xh) = Eg(x) + e;(x,h) + hh;(x,h) —=Ry(x,h) —e-F(x) - h (1.2)

Eg(x) being the gap energy of the InGa, N alloy, usually calculated such as®:
E;(%) =x-Eé“N + (1 —x)-EgaN —-b-x-(1-x)(1.3)

b being the bowing parameter, susceptible to variation because it is linked to the strain in the

material.

e;(x,h) and hh; (x,h) are the lowest level of an electron / highest level of a hole in the quantum
well, typically calculated with the Schrodinger equation. Note that these parameters are a
function of both the In composition, x, and of the width of the well h.

Ry (x,h) is the binding energy of the exciton formed by the transition of an electron from e, to
hh,. Here again, This a parameter are a function of x and h.

F(x) is the term describing the internal electrical field. This term can arise either from the
polarization due to Quantum Confined Stark Effect (discussed in more details in 3.1.2), or from
piezoelectric polarization.

e is the charge of a single electron
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Figure I-16: Energy of emission of an InGaN QW as a function of it thickness and In mole fraction grown

on c-plane surface (taken from ref.'® )

This formula can be used as a parametric equation, by using Eg(x) as a parameter and used to draw

the curve of the set of x and h that will result in the emission of a photon of a given wavelength (i.e.:

energy). A representation over the visible spectrum is given in Fig. I-16. As one can notice, a combination

of low QW thickness and low In composition will result in a short wavelength emission. An emission of a
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longer wavelength would require to either increase In composition or make larger QWs on standard c-

plane growth.

In the last paragraph, we have presented the main emissions expected in a pristine QW LED. However,
it is common to observe other peaks, and the observed values for the band edge can sometimes vary from
the expected values. In the next paragraphs, we will present some of the factor that can modify the

luminescence of a QW LED, as well as lead to the apparition of unexpected contributions.

1.2.2.2 DEFECT CONTRIBUTIONS

As specified quickly before, crystallographic defects in GaN can be responsible for an array of different
contributions. In this paragraph, we will provide an overview of the main defect emissions in GaN. It
should be noted that not all defects are radiative. This is for example the case of dislocations ¥, which can
be monitored in cathodoluminescence as they create dark spots because they locally decrease the light
emission. Point defects can also act as non-radiative centers by introducing deep levels between the
conduction and the valence band. This level can then be used by the carriers to relax without light emission,
in a process called the Shockley-Read Hall recombination (SRH)™% also called a trap assisted
recombination. The presence of these non-radiative pathways is responsible for a drop in the internal
quantum efficiency, as it means that part of the energy provided to the carriers will be lost in the form of
heat upon recombination. The presence of these pathways is also suspected to be partly responsible for a
further reduction of efficiencies at high operating currents called the droop, that will be discussed later in

this manuscript.

In their report entitled “luminescence of defects in GaN”, Reshchikov et al? identify at least 60
different defect contributions in the luminescence of GaN alone, showing how a spectrum can be modified
by the presence of defects in the material. Without unnecessarily drawing up an exhaustive list, we will
give a quick overview of the different defects encountered during this work, as well as defects that could
arise from impurities that may have contaminated our material (mainly Mg, Si, C and O). It should be
noted that the main contributions expected in a GaN/InGaN quantum well array are represented in Fig.
1-17, which is a reconstituted spectrum made by adding photoluminescence (PL) and photoluminescence

excitation (PLE) spectra taken at room temperature.

The most prevalent of the defect contributions in GaN is the Yellow Luminescence band, often noted
YL, which is a broad signal observed between 2.0 and 2.25 eV. It is obtained with all growth methods,

20

under different conditions, and has hence been the subject of numerous publications*’. However, no precise

origin for this contribution has been identified, the literature even shows contradictory reports. For

50

example, G. Li et al.”’ claim that the presence of the YL correlates to the presence of structural defects
such as dislocations, while X. Li et al.® claim that YL is enhanced in absence of structural defects. The
main candidates for this transition are a Ga vacancy complex®, such as vg,0y, or a carbon substitutional
complex, such as CyOy, with some authors suggesting the possibility of a vg,Cy complexes™ combining
both. Another theory hypothesized that the yellow band is the sum of several independent common
contributions®®, which would explain why different authors get various and even sometimes opposite
results when studying the YL. This has been further suggested by the fact that the YL intensity has a

complex behavior when varying the temperature of measurement®, which confirms that it involves several
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different recombination processes. It has been observed that Si n-doping increases the intensity of the YL

in the material ° | which has been attributed to Si-induced v, formation 7.

Another prevalent defect contribution is the so-called Blue Luminescence band, which is common in
Mg p doped GaN by MOCVD and HVPEY, centered around 2.9eV. A similar blue luminescence has also
been observed in Zn p-doped GaN®. In the first case, the transition is suspected to be a Donor Acceptor

203 and an unknown acceptor. This blue luminescence is

Pair transition, implying a Mgg,— vy deep donor
often associated with an ultraviolet shallow DAP band around 3.2eV, also attributed to Mg®. However,
this band has not been observed during this work, and will hence not be discussed in further details here.
It should be noted that because the deposition of the p-doped layer is usually the last step of the process,
the BL can sometime hinder photoluminescence measurement by absorbing the higher energy photon
coming from the quantum wells of the active layer, and hence lower the relative intensity of the quantum
well. Hence, when working uniquely on the radiative properties of the quantum wells, it is usually preferred

not to grow any p-GaN layer.

Impurity is not the only source of parasitic contributions in GaN, and some structural defects can also
have an effect on the spectrum of the sample. This is the case of the basal stacking faults. Indeed, we
have previously showed that the BSFs can be described as zinc blende inclusions of a few layers in a
wurtzite layer. The band edge of ZB GaN is around 3.27eV®, which is lower than the 3.39eV bandgap of
WZ GaN'. From this, we expect the BSF to act as a quantum well, and hence to have a characteristic
emission. This emission has been observed and shown to occur around 3.4eV%%. For 11 and 12 BSFs, this

luminescence is only measurable at low temperatures, as it collapses when going close to room

temperaturet.
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Figure I-17: Spectra of an InGaN/GaN heterostructure with commonly measured emissions captured

with photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy at room

temperature (taken from™ )
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1.2.2.3 EFFECTS OF THE TEMPERATURE

Structural and chemical factors are not the only ones that impact the optical properties of a material.

Another key parameter of the luminescence in nitrides is the temperature of the PL. measurement.

As can be seen in Fig. 1-18, the band edge energy is shifted toward higher energy towards higher
energies at low temperature, as first described by Y.P. Varshni®. In this work, the author shows that these
effects can be observed for a wide variety of semiconductors, and two mechanisms are proposed to explain
the phenomenon. First, the lattice parameters are temperature dependent, and we have previously
explained that the band structure of the material is calculated using the lattice. Second, the interaction
itself between carriers and the lattice are temperature dependent. From these suppositions, the author
made the following empirical model to describe energy bandgap variation with temperature:

2

oa-T
Eq(T) = Eg(0K) ——— (1.4
(1) = Ea(0K) ~ 5 (1.4)
With T being the temperature, « and B two constants with typical values in the range of 0.566-1.28
meV. K" and 600-1190K respectively®”.

Another effect, which can be observed for band edge®, quantum well® and a some of the defect related

emissions®**

' is the luminescence quenching by increasing T. In this context, quenching can be defined as
the reduction of the luminescence efficiency due to the formation of thermally activated non-radiative
recombination pathways*. While the general case says that the intensity of a contribution will decrease
by increasing the temperature, it is not true for every case, and some contributions can also be thermally
activated, which is called a negative quenching. While this behavior is not common it has been reported,
for example, in the case of YL™. Last, some cases exhibit a multi-step quenching with more than one
activation temperature” or even an alternation of quenching and negative quenching, such as for the GaN

B free exciton in ref.*®.

Luminescence Intensity

315 320 325 330 335 340 345 350 356
Energy (eV)

Figure 1-18: Evolution of the photoluminescence of GaN around its band edge at different temperatures".
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Strain is the second critical parameter when measuring the luminescence of a nitride material. In the

next paragraph, we will explain the effect of strain on the GaN luminescence.

1.2.2.4 EFFECT OF THE STRAIN

When working with epitaxial films grown on a foreign substrate, there are two main sources of strain:
Thermal expansion, as explained in the previous paragraph, and lattice mismatch. Both effects will be
discussed in detail in 2.2.1.2 in the case of GaN grown on several commonly used substrates. In both cases,
this results in the presence of biaxial stress in the material in the c-plane. In the case of semiconductor,
the introduction of foreign atoms with different radiuses will create hydrostatic stress in the lattice. As
evidenced by Gil et al.”, this strain can modify the energies of the free excitons of the band edge, which
has been responsible for a dispersion in the values reported for these excitons for GaN in the literature. In
this work, the authors provide a model allowing to directly estimate the variation of energy when knowing
the strain in the material. It is also shown that there is a correlation between the variation of energy of

the A, B and C excitons (as defined in 1.2.1) under strain.
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Figure 1-19: Energy of emission of the A, B and C free excitons versus in-plane biaxial stress (taken

from ™).

This model is however complex, and will not be fully presented here because, as it will be explained
later, the approach adopted in this PhD allows to get rid of the strain coming from the substrate. However,
it allows to measure the deformation in a sample using only its luminescence spectrum™™, in the case of a
sample under biaxial strain, and for small deformation, the energy of the free excitons varies linearly with
the strain, as shown in Fig. I-19, meaning that Cste = 0E,/ 0€,x (€xx = €,y being the in-plane strain) is

constant. Hence, we get the following formula:
Ex = Epg + Cste - g (1.5)

Eao being the energy of the A exciton in unstrained GaN.
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2. GaN GROWTH: AN OVERVIEW

2.1. GROWTH METHODS

In the previous paragraphs, we discussed about the properties of the three main III-V
semiconductors, namely AIN, InN and GaN. In this part however, we will focus on the elaboration methods
specifically for (In)GaN, as these are the materials that make up the bulk of visible InGaN/GaN LEDs.

The three main technics used to grow GalN are the followings:

2.1.1 MOLECULAR BEAM EPITAXY

Molecular Beam Epitaxy (MBE) is a method that uses beams of elements in a gaseous form to
deposit material on a heated substrate under ultra-high vacuum. In the case of GalN, the sources of Ga
and N are of different nature. Ga is used in its solid form and is evaporated through a Knudsen or Effusion
cell by sublimation at high temperature. Once evaporated, the atoms are deposited on the facing substrate.
Indeed, the high vacuum allows to reduce the probability of an evaporated atom entering in collision with
another gaseous specie inside the chamber, i.e., the free mean path is larger than the distance between the
cell and the sample. This ensure that the evaporated Ga atoms will follow straight trajectories, explaining
the name “molecular beam epitaxy”. Nitrogen element is obtained from gaseous precursors such as NH;
(ammonia -assisted MBE) or N2 (Plasma-assisted MBE as the N, molecules are cracked by plasma). The
heated substrate also allows diffusion on the substrate, which is critical for epitaxy as it allows the adatoms

to organize themselves.

When compared to other methods that will be presented here, the growth rates obtained by MBE
are low, as the maximum deposition rate will be in the order of 1 pm/h™. This means that MBE is not
appropriate for the elaboration of thick devices, but rather for the control of the properties of the material
up to the atomic monolayer. The high vacuum used inside the chamber allows to monitor the surface using
Reflection High-Energy Electron Diffraction (RHEED). This allows to see changes in the crystalline
structure of the surface, count the numbers of monolayer deposited or to see the nucleation and ripening

of crystalline islands.

2.1.2 Hydride Vapor Phase Epitaxy

Hydride Vapor Phase Epitaxy (HVPE) is a form of Chemical Vapor Phase (CVD) method, in
which a solid is grown by using chemical reactions in gaseous form at high temperatures. This leads to the
formation of reaction intermediates, which are gaseous species (sometimes in a radical form) with poor
stability in the reactor’s condition. These species diffuse on the surface, until they stabilize by forming a
covalent bond with the growth surface, which will in turn make the solid grow. HVPE uses the reaction
between NH; and various Gallium Chloride compounds that are produced by exposing metallic Ga to a
flux of HCI at high temperatures (Fig. 1-20). Most reactors use a horizontal geometry, and the production
of chlorides happen upstream of the growth zone, in the so-called source zone. This reaction can also be
assisted by carrier gases such as Hy and N, which fulfill multiple roles, such as equilibrating pressure or
reacting with impurities in the case of H.. The gaseous mix then reaches the growth zone where it mixes
and react with NHs. The substrate is rotated in the growth zone in order to limit inhomogeneities that

could be caused by the directional flux of gases.
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Source zone Growth zone

Carrier gas: H,

Figure 1-20: Scheme showing the introduction of precursors in an HVPE reactor (from ref. ™)

Contrarily to MBE, HVPE has a fast rate of growth (can be above 100 pm/h)™, and is a method
of choice to grow thick planar layers, such as the ones used to make GaN substrates. The other advantage
is the use of reactive precursor such as HCI, which has been suggested to limit the formation of parasitic
nuclei in the vapor phase™. These nuclei can cause the deposition of large crystalline structures on the
sample during the growth. One could also mention that the precursors used in HVPE are cheap and easy
to produce (contrarily to those used in Metal-Organic Vapor Phase Epitaxy), and their reaction in the
source zone is mainly driven by heat. However, this method is not suitable to realize heterostructures with

abrupt interfaces because the precursors pass through a blending zone before the deposition.

2.1.3 METALORGANIC VAPOR PHASE EPITAXY

Metal-Organic Vapor Phase Epitaxy (MOVPE), also called Metal-Organic Chemical Vapor
Deposition (MOCVD), is also a CVD process that uses different precursors in order to grow GaN. In this
case, the compounds are Metal-Organic gases, such as TriMethylGallium (TMGa) or TriEthylGallium
(TEGa). This main difference with HVPE is that the metal-organic precursors are directly injected in the
chamber without the need for a blending zone prior to the reaction chamber. This gives more flexibility
on the thermokinetics of the reaction, through the choice of organometallics: For example, switching from
TMGa to TEGa during a process will slow the growth. It also open other geometries of reactor, since there
is no need for a source zone, and hence, MOCVD reactors can be horizontal or vertical, and can also mix
the gases with a shower head, with can help with homogeneity. However, organometallics are unstable
compounds that are known to be pyrophoric and will readily react with unwanted species in the gas mix,
such as oxygen and water. This could lead to their incorporation in the grown GaN, and the reaction need

to be carried out in an inert atmosphere.

The growth rate of MOVPE is an intermediate between MBE and HVPE and is 1 to 5 pm per
hour™. This makes MOVPE a polyvalent method, which can be used to grow structure on the scale of
several hundreds of nm to several tens of im, while keeping a good control over composition and structure.

This makes it a method of choice for the growth of pLEDs;

In this PhD, MOVPE has been the technique employed for growing samples, as it enables
structures with the appropriate size for a device to be produced while keeping a good control over the

heterostructure properties.
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2.2 HETEROSTRUCTURE GROWTH

2.2.1 SUBSTRATES

2.2.1.1 GaN NATIVE SUBSTRATE

In any kind of epitaxial growth, the choice of the substrate is the key to master the properties of the
grown device, as the crystallographic structure is transferred to the grown material. Hence, the best-case
scenario implies homoepitaxy, in which the growth of a material is performed on a substrate of the same
material. Indeed, this consist in replicating the same crystallographic structure on top of the substrate

with limited amounts of defects.

In the case of common substrates for the semiconductor industry, such as Si and sapphire substrate,
the wafer is made using the Czochralski method. This process makes it easy to produce large quantities of
suitable quality wafers, making wafers produced through this method readily accessible and cheap.
However, GaN cannot be melted, as doing so will result in its decomposition into its elemental constituents,
Ga, and N. Hence, different methods are used to grow Gallium Nitride substrates. The three main that

have been identified as suited for the industry are™:

- Ammonothermal growth™, which dissolves the Ga from either polycrystalline GaN or Ga metal
samples in supercritical NH; and redeposit it on a monocrystalline GaN seed. Ga solubility is
enhanced using mineralizers which may cause presence of impurities in the material.

- Na-flux, which relies on the diffusion of dissolved N atoms in a Na-Ga melt, growing GaN on an
MOCVD or HVPE seed. The process is driven by the supersaturation of nitrogen in the
atmosphere of the reactor. The growth process allows to reduce dislocation density compared to
the seed by one or more orders of magnitude™, at the cost of a high process length®.

- HVPE grown, which relies solely on the hydride vapor phase growth of GaN. This process has the
advantage of being mature, and it allows to grow at a very fast pace (up to 1,8 mm/h)*. While
the grown material is known to be reasonably pure, and can be doped, it usually contains a density
of threading dislocations of the order of 10° cm™, which is two orders of magnitude higher than

what is achievable with the two other methods.

Despite these existing processes, GaN is still grown heteroepitaxially in most cases. Indeed, while these
methods allow to grow native GaN substrate, their cost is still a lot greater than those of other commonly
used substrate: a centimeter square of native GaN will cost around 1000 €, while a SiC substrate of the
same size will cost around 100 € and Sapphire around 50 €. Hence, in most applications templated GaN

on foreign substrate is used instead.

2.2.1.2 HETEROEPITAXY CHALLENGES AND NON-NATIVE SUBSTRATES

While heteroepitaxy on non-native substrates is common, it comes with several issues, on a
chemical or structural level, which need to be considered when making structures. The most common issue
is strain. There are two origins for strain, which are lattice mismatch and thermal expansion coefficient.
Indeed, because the process is performed at high temperature, if the grown GaN has a great difference of
thermal expansion coefficient with the substrate, the cooldown after the process will cause strain to appear.

Strain can have three different effects in a material. First, reversible strain, called elastic strain, occurs
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when the mismatch between the two lattices is limited. This kind of strain can be responsible for
piezoelectric polarization, as explained previously. This will also influence light emission, causing blue shift

or red shift depending on if the strain is compressive or tensile.

Plastic strain is irreversible and will create defects such as threading dislocations in the material.
One solution found to counteract this issue is the use of buffer layers having a lattice parameter between
that of the substrate and of the grown material. Doing so allows to gradually decrease the strain over a
larger thickness of the material, allowing it to relax elastically. This method is used for example in the
case of the growth of GaN on Si, where layers of AlGaN with varying can be introduced before the GaN
growth, resulting in a decrease in cracks and dislocations®. There are other various methods for the
reduction of threading dislocations created through heteroepitaxy on a foreign substrate, some of which
will be discussed in this manuscript, and it exhibit that it is one of the main challenges in the integration

of GaN devices in industrial process.

Last, if the strain is too strong, one of the layers might start displaying cracks. This appears
mainly during the cooling process and is due to the difference of thermal expansion coefficient. Cracking

can occur over time at room temperature, or after several heating/cooling cycles in a reactor.

The last issue is the chemical compatibility of the substrate which may react with carrier gases,
or GaN itself under growth conditions. This is especially the case for Si, as pure Si is known to react with
Ga under conditions found in MOCVD, leading to the growth of a Ga:Si compound®#®!. This issue is called
meltback etching and can lead to the destruction of entire wafers in some cases. While solutions exist to
counteract this issue (such as using specific gas mixes®| or a buffer layer®), it should be noted that it is
exacerbated by cracking, as it exposes more Si to the reactor conditions. Such issues are fortunately specific
to Si, and do not affect the growth on other substrates such as sapphire and SiC. However, some studies
suggest that growth on these foreign substrates might lead to the contamination® of the grown structures
by atomic diffusion. This can lead to the introduction of extrinsic defect in the grown structures, which

can be responsible for non-radiative centers or deep levels in the material.

Despite the aforementioned issues with non-native substrates, the cost and production issues linked
to the production of freestanding GaN wafers imply that most device, both experimentally and industrially,
are grown on non-native substrates. Commonly used substrate materials include sapphire, silicon and in
some cases, silicon carbide, to grow GaN. their lattice and thermal expansion mismatches, are displayed

in Table 1-2.

Sapphire (0001) Si (111) 6H-SiC (0001)
Lattice mismatch (%) 16.1 -17.0 3.5
Thermal expansion mismatch (%) -25.5 116 19

Table I-2: Relative lattice and thermal expansion mismatches of several substrates with GaN™.

Sapphire is the most used substrate for GaN growth®, which can be explained by several
arguments. Sapphire is a compromise between material suitability and cost, mainly because of its thermal
expansion mismatch significantly lower than that of Si, at a cost lower than that of SiC. Sapphire is a

material composed of Al,O; crystallizing in a rhombohedral system. When rotated by 30° in the basal
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plane, this configuration yields a hexagonal configuration which can be used for the epitaxial growth of
GaN®¥. Another key point of sapphire is that it can be nitrated at high temperature, which will help
converting the first surface few monolayers in AIN®. From here, the material can be used to grow AIN as

a buffer layer, and then deposit a GaN layer.

Not surprisingly, Si has also been used for the growth of GaN® despite having a lattice mismatch
higher than sapphire, but more importantly a high thermal expansion mismatch. The main reason for that
is that Si wafers are very cheap thanks to easy melt processing as well as resource availability. Another
important point for Si is that it is currently the most used semiconductor, and a good part of the industry
is built around Si processing, which is a key argument driving growth of GaN on Si. Since Si is a cubic ZB

material, the surface used correspond to its (111) plane, which is hexagonal.

Last, SiC has been used for GaN growth?, despite not being very common. Indeed, while more
difficult and expensive to manufacture than the other presented substrates, SiC is a very appropriate non-
native substrate for GaN growth, with low lattice and thermal expansion mismatches. Indeed, while SiC
has different polytypes, 2H-SiC correspond to a wurtzite structure, similar to the one of GaN. Some very
commonly used 4H and 6H substrates could be seen as a WZ bilayer with a stacking fault and WZ trilayer
with two stacking faults respectively®'. This similar structure and close properties to GaN make SiC a good

candidate for heteroepitaxial growth of high quality GaN, but its cost makes it an uncommon option.

2.2.1.3 EPITAXY ON 2D MATERIALS

We have seen in the last paragraphs that the choice for a substrate for GaN growth is non-trivial.
Indeed, homoepitaxy on a native substrate is expensive, and because only few methods can produce free
standing GaN substrates, it also limits the panel of properties that can be tuned for specific growth. On
the other hand, while heteroepitaxy on a foreign substrate is inexpensive and now well mastered, it comes
with a high density of defects due to lattice mismatch, thermal expansion mismatch, and contamination
of the grown structure. Another solution exists, which consists in obtaining GaN monocrystals without

using covalent epitaxy (Fig. I-21).

Indeed, a class of materials called 2D materials has become of great interest recently. It includes
materials such as graphene, Transition-Metal Dichalcogenides, and hBN (which is a 2D III-V compound).
Such materials consist in a single crystallographic plane, which is why they are called 2D materials. In
contrast to the surfaces of most materials, 2D materials have no dangling bonds, as their structure is
contained within a plane. This is a consequence of the sp? hybridization of the carbon atoms in graphene
that planarize the three sp? bonds around the carbon, while the pure p orbital is shared between all atoms
in the crystal. This means that a pristine 2D material is not able to form any covalent bonding with
adatoms, and hence that growing GaN on a material like that would not occur through covalent epitaxy.
It means that growth on 2D materials is performed without any issue related to lattice mismatch or thermal
expansion mismatch. Because of their lack of dangling bonds, 2D materials are also chemically resistant,
meaning that the chances of contaminations of these materials is low. Last, the absence of covalent bonding
between the grown structure and the substrate means that the grown structures can easily be removed of
the substrates without inducing damages to the substrate, meaning that it might be reused for additional
growths. On the other hand, the absence of dangling bonds at the surface of the 2D materials is responsible

for a low surface energy. This means that nucleating on such a layer can be a challenging process, which

37



leads to low density of growing nanostructures. Another consequence of this low surface energy is that
feature such as defects in the layer, or even holes, may become preferential nucleation points as they may
feature covalent bonds, leading to covalent epitaxy, which defeats the purpose. One last consequence is
that the low nucleation rate of GaN may lead to Ga accumulation on the surface, which ultimately forms

metallic Ga droplets” that may preferentially incorporate more Ga adatoms as the growth proceeds.

PP LHLLO0L 6
@ 6,0,0,0,0,0,00 000 oo

olet | 0 000000L 00000000 i

bond . S reeese T bond
AN 7 ) 0,0, 0, 0,0, 0,0,

Graphene
Covalent Epitaxy (Quasi) Van der Waals Epitaxy with graphene

Figure 1-21: Covalent epitaxy of GaN on AIN compared to Van Der Waals epitaxy of GaN on graphene.

Growth on 2D materials can be performed through several process”, but mainly through Van der
Waals (VAW) epitaxy and remote epitaxy. In VAW epitaxy®®  the growth is driven by Van Der Waals
interactions between adatoms and the 2D material. Technically speaking, true VDW epitaxy happens
when both the substrate and the deposited structures are 2D materials and do not have dangling bonds.
Hence in the case of GaN growth on a 2D materials, it would be more correct to talk about quasi Van Der
Waals, as the GaN surface facing the 2D material would feature dangling bonds. However, this technicality
is often ignored in the literature, and we will hence refer to this process as VAW epitaxy in the rest of this
manuscript. An example of VAW epitaxy is provided in Fig. 1-22(a), with the growth of AlGaN on
graphene/amorphous Si0, . Because the underlying substrate is amorphous, there is no transfer of
crystalline structure between the grown structure and the underlying substrate. On the contrary, remote
epitaxy’™ % relies on the presence of a crystalline material under the graphene. In principle, this method
can be seen as a combination of covalent and VDW epitaxy. Indeed, in remote epitaxy, the grown material
follows the crystal structure of this material, while the 2D material acts as a buffer to avoid the formation
of covalent bonding. An example of remote epitaxy of GaN on graphene/6H-SiC can be seen in Fig. I-
22(b), as it is possible to get a TEM image showing the crystalline structure of both structures, meaning

that they share crystalline directions.
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Figure 1-22: Van der waals epitaxy of AlGaN on graphene/amorphous SiO," (a) and remote epitaxy of
GaN on graphene/6H-SiC’" (b).

Ultimately, growth on 2D materials comes with some challenges to overcome, mainly due to low
surface energy. Indeed, the fact that the adatom cannot easily form covalent bonds with the surface means
that it behaves as a mask, which is not appropriate when it comes to grow crystalline structures. However,
it comes with several unique advantages when compared to other options, mainly the possibility of growing
relaxed structures without using an expensive freestanding GaN substrate. Hence, it recently attracted the
attention as a potential for the growth of high quality GaN. During this PhD, we studied the growth of
luminescent InGaN/GaN nanostructures on graphene, as their low cohesion is an advantage to remove
GaN nanostructures for flexible LED processing. Hence, we dedicated Chapter 6 to talk about this subject

in more details.

2.2.2 LED HETEROSTRUCTURE

2.2.2.1 BASICS OF LED STRUCTURE

In the scope of this PhD, the main goal has been to fabricate LEDs with an emission wavelength
in the visible spectrum. This can be achieved with I1I-Nitride systems through the use of an InN and GaN
alloy. A scheme of the basic InGaN/GaN LED structure is provided in Fig. 1-23. We can separate the
LEDs in 5 parts: the n-doped GaN, the p-doped GaN, the active layer containing the quantum wells), the
Electron Blocking Layer, and last the metal contacts. In this part, an overview of the different layers and

their properties will be provided (except for the quantum wells, that have been already described in 1.2.2.1)

p-metal contact

n-metal contact

Electron Blocking Layer

7 Active layer
(x4 InGaN QWs)

Figure 1-23: Scheme of a classical planar LED structure for visible emission.
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The LED device relies on a so-called p-n junction. On either side of the junction, the
semiconductors are “doped” by introducing charges in the material, through foreign atoms of different
electronic structures. In some cases, the foreign atom provides a negatively charged free electrons, making
it a n-dopant, while in others, it provides a positive free hole, making it a p-dopant. It should be noted
that dopants are ionized when providing a free carrier, which ensures the overall electrical neutrality of
the material. GaN is usually n-doped using atoms such as Si (and rarely Ge), while p-doping is achieved
with Mg (and rarely Zn). While the presence of free charges helps with conductivity, the important feature
is the p-n junction. When putting a p-doped and n-doped layer next together, Coulombic interaction
between free carriers pushes positive holes into the n-side, and negative electrons into p-side, where
electron-holes start to recombinate. This locally decreases the amount of free carriers in the material (hence
the name “depletion region” given to the junction and its close proximity), and leaves only ionized dopants.
The consequence is that a built-in local electric field is created, preventing further diffusion of carriers, and
hence current conduction. If an external electric field is applied in the same direction as this built-in electric
field, the depletion layer extends on each side of the junction, and no current is transmitted. On the other
hand, if an electric field strong enough is applied in the opposite direction, the depletion layer disappears,
and it is possible to conduct a current through the junction. It should be noted that because the current
is mainly carried by holes in p-GaN, and by electrons in n-GaN, current conduction is driven through
recombination at the junction. This makes the p-n junction an appropriate area of the device to put an

active layer with quantum wells, as can be seen on Fig. [-24.
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Figure 1-24: Behavior of dopants and free carrier inside of a p-n junction.

Apart from the active region, the second feature that lies within the p-n junction is the Electron
Blocking Layer. While this layer is not critical for the overall function of the LED, it is used in order to
improve the efficiency of the LED. Indeed, it prevents the electrons to diffuse out of the active area into
the p-GaN layer, where they will recombine with holes '°!. Hence, in order to ensure recombination in the
quantum well, it is critical to block the electrons from entering the p-GaN, which is the role of the electron
blocking layer. These layers are classically made with p-doped AlGaN!'®? which has a higher gap than the
surrounding GaN. This has the effect of creating a barrier of potential that confines the electron inside the

active region (see Fig. [-25).
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n-GaN InGaN GaN EBL p-GaN

Figure I-25: Scheme of a non-polar LED with an electron blocking layer and corresponding energy of the

conduction band.

The last key element of LEDs is the metal contact, to inject electrical currents in the LED. In
both cases, the contact should be with low resistance and ohmic, meaning that the current is a linear
function of the applied potential. Different metal combination may be used for the n-GaN, with the one
being used in this work being Ti/Al/Ti/Au'®. When it comes to p-GaN however, several issues limit the
number of options available to do the electrical contact. These issues are a poor ohmicity of the electrical
contacts'™ (caused by the large bandgap, leading to the formation of significant Schottky barriers, most
important for p-type material'®) the need for a transparent contact, a low free carrier concentration in Mg

106 (

and the need for an EBL. Currently, the most used contacts for Mg-doped GaN are NiAu'® (which can

sometimes be oxidized by annealing under air into NiOAu) and Indium Tin Oxide'™” (ITO).

2.2.2.2 ISSUES WITH HII-NITRIDE LEDS

Despite being appealing for their tunable wavelengths, high efficiencies and high operating powers,
[II-nitride LEDs suffer from several issues. In the following paragraphs, we will present the most important

ones and suggest ways to solve them.

2.2.2.2.1 N-VACANCIES AND UNDERLAYERS

GaN is thermally unstable and will decompose at temperature lower than usual process
temperatures in MOCVD. To solve this issue large partial pressures of NH; is used to grow a crystal.
However, some issues linked to this behavior still arise. It has been shown that when growing an InGaN
QW on 1 pm-thick GaN buffer, the QW intensity will dramatically decrease when increasing the
temperature of growth of said buffer, sometimes by more than two orders of magnitude'®. Tt was also
showed that covering the GaN with a low In-content InGaN layer (called underlayer, UL) before growing

the quantum well allowed to suppress this effect.
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This issue has been the object of several publications in order to identify its origin and has allowed
to set aside a few possible causes, such as dislocations and strain'®. The current accepted mechanism
behind this issue is the formation of thermally activated surface defects in GaN, and especially vy defects'®.
These defects are unstable in bulk GaN and will hence keep on moving toward the surface of the material
during growth. This means that these defects cannot be buried and need to be stabilized by being
complexed. Hence, it has been shown that the introduction of a low temperature GaN or AlGaN layer was
ineffective. Since these non-radiative centers seemed to preferentially segregate inside In containing
compounds, such as InGaN and AlInN, it has been suggested that vy would form a stable complex with

In or one of its defects, with the main candidate being vxvis.
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Figure [-26: Structures of a sample without and without InGaN underlayer, and respective emission spectra

(taken from ref. ')

There is currently two ways to reduce NRCs affecting the light emission in the quantum wells,
which is to use an UL or to grow additional sacrificial quantum wells. In the first case, the strategy consists
in the growth of a thick low In-content layer before quantum well. This strategy has been proven to be
effective and may also act as a buffer layer in order to reduce strain due to lattice mismatch with InGaN
QW layers. Indeed, Fig. 1-26 shows a two orders of magnitude difference in the PL intensity produced by
a single InGaN QW on two similar structures, with the only difference being the growth of an InGaN
underlayer with low In content after the high temperature GaN buffer growth. However, the presence of
the UL will introduce an optical contribution between band edge and the quantum well. The other solution
is to use the first two quantum wells in the active layer as sacrificial layers. Indeed, it has been shown that
like the UL, the In in the quantum well can act as segregation layers for the non-radiative defects, and
that when growing quantum wells, the first two quantum well would trap the majority of NRCs!°. This
allows the growth of several defect-free quantum wells however the first few quantum wells are also the
ones that are injected more efficiently. This means that this method may in fact concentrate the defects

in the area where most of the light emission process is happening.

2.2.2.2.2 DEFECTS IN INGAN LAYERS

In most semiconductors, especially III-V, the presence of dislocations in a LED structure is a
synonym of poor efficiency, because they are sites of non-radiative recombination'!!. However, the presence

of dislocations does not directly threaten the efficiency of InGaN/GaN LEDs.
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In his 2014 Nobel prize lecture, S. Nakamura!'! shows that GaN, as well as several other arsenide
and phosphide compounds have external quantum efficiencies of 20% and below for dislocation densities
between 10° and 10" cm™. This behavior would be an issue to make LEDs with GaN on sapphire, as its
expected density value of 10° em™ for GaN. However, InGaN LEDs are unexpectedly not as sensitive to
dislocations, with some compounds reaching efficiencies above 80% for dislocations densities of this

" An explanation to this phenomenon has been proposed and relies on the localization of

magnitude
carriers due to In composition fluctuations, which creates local additional potential wells inside the InGaN
layers. This makes InGaN/GaN heterostructures a very versatile tool for light emission, as their light

emission efficiency will not be greatly affected by being grown on lattice mismatched substrates.

MQWs

Pre-strained Layer

Figure I-27: V-pit caused by a dislocation in a GaN/InGaN heterostructure (taken from ref. ''?).

However, the strain can have other effects on the light emission. First, it has been reported that
strain can also increase the density of stacking faults, which is especially true for heterostructures grown

113 However, one critical defect in quantum wells is the so-called V-defects or v-pits,

on non-polar planes
as shown in the Fig. 1-27). V-defects are inverse pyramidal shaped holes, which are initiated in the InGaN
layers, either by dislocations'!'* or by stacking mismatch boundaries'”®. They correspond to local inclusions
of semi-polar [1011] planes in c-plane polar layer and will hence not appear in non-polar QWs. Their

presence may locally interrupt the QWs in the active layer!!'*115

, creating a local drop in the intensity of
the luminescence!'%!", In other cases, the quantum wells conform to the V-defect, and are hence grown on
semi-polar planes of GaN!"¥, Because semi-polar planes have different thermodynamical properties than
the polar c-plane, the quantum well inside a v-pit is expected to have a smaller thickness, but a larger In
incorporation due to strain relaxation. This effect, combined to the fact that semi-polar planes are not
fully affected by the quantum confined stark effect (see 3.2.1) means that the emission wavelength of a
quantum well located on a V-defect is expected to be blue-shifted"? or red-shifted'® . On the other hand,
some authors suggest that V-defects may have a beneficial effect on devices by promoting carrier

localization, which reduces the amount of non-radiative recombination'®,

2.2.2.2.3 DROOP

Droop is a name given to an empirical phenomenon observed in nitride LEDs, including InGaN

! above a threshold

QWs. It describes the decrease in emissive power and internal quantum efficiency'?
operating current density, as illustrated in the Fig. I-28. The two main contributions to the droop, are

Schockley-Read-Hall (SRH) recombinations and Auger recombinations'?>. SRH recombination has been
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introduced in 1.2.3.2 and is essentially non-radiative trap assisted recombination. In Auger recombination,
the energy produced by a recombination is directly used by a third electron in the conduction band to
reach a higher level. This electron will then lose this energy through thermalization, which is not a radiative
process. This second mechanism hence requires having a large density of carriers in the material, as it
relies on their proximity to function. Some sources also count leakage as a source of droop, as it does lower
efficiency at high operating currents, but it should be noted that it is not related to recombination
pathways and will hence have no effect on the Internal Quantum Efficiency, that accounts only for the
efficiency of the recombination processes. In practice, the droop is often represented by the ABC model'?*,

which is formulated as follow:

Iow = Isru + IRradiative * lauger = ¢ *Vow " (A" n+ B n*+C-n*) (1.6)
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Figure 1-28: Representation of droop in a typical InGaN/GaN LED (from ref. '#).

With Iqw the current flowing through the QW, Ispy, Iradiative and Ipyger the flow of electron
undergoing SRH, radiative and auger recombination respectively, g the charge on an electron, Viyy, the
volume of the QW, n the density of carriers inside the QW, and last A,B and C coefficient for SRH,
radiative and Auger recombination, respectively. As can be seen with this equation, Auger recombination
becomes dominant at high carrier density, corresponding to high operating currents, suggesting that it is
the dominant mechanism behind the droop. This model ignores some other sources of non-radiative
recombination in the LED as it aims to link theoretical and experimental results and to allow a quick but

truthful analysis of the dominating processes inside a nitride LED.

3 NANOWIRE-BASED LED STRUCTURES

To solve part of the problems that have been evoked, it was chosen to work with a nanowire geometry.
Indeed, the nanowire structure presents some advantages over planar geometry, that will be evoked in the

next paragraphs. The different geometries and strategies for their fabrication will also be presented.

3.1 ADVANTAGES OF CORE-SHELL STRUCTURES FOR LED ELABORATION
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In this PhD, the strategy that has been used to fabricate nanowire LED is the core shell structure
by selective area growth. Some elements are provided to understand the main advantages of this choice

over other strategies.

3.1.1 A LARGER EMISSION AREA

A first advantage of the core-shell structure is to get a greater area of emission than their planar
counterparts when the nanowire reached a given length. In this paragraph, we will provide a short

demonstration of this, and we will calculate the minimal length at which this is verified in the case of the

geometry used in this work.
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Figure 1-33: Geometric configuration of a nanowire array grown by SAG.

Let’s consider a regular hexagonal nanowire array as presented in Fig. 1-33. Each nanowire is
separated from one another by a distance P center to center (also called pitch). We can now define a
footprint area, noted Afyotprine, Which is the area of emission on a planar LED equivalent to the surface
occupied by one nanowire, which is the doted hexagon on Fig. [-33. By looking at the scheme, we can see
that the footprint is a hexagon of width P. From this, we can calculate:

V3
Afootprint = 7 p? 1.7)

For this calculation, we will consider that the only source of emission in the nanowire is going to be the
sidewall, with each sidewall having a length L and a width W. Hence the total area of emission of a

nanowire is the sum of the individual area of emission of each sidewall, hence:
Aemission = 6 W-L (1.8)

From this, we can conclude that both W and L can be used to increase the area of emission of the
nanowire. However, because the section area of a nanowire cannot exceed its footprint, W is limited, such
as W < P//3. Tt should be noted that in the case where W = P/+/3, the nanowires are fully coalesced, and

the situation is equivalent to a planar device with no non-polar surfaces. Hence, it is usually preferred to
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work by enhancing L rather than W. We now want to find the value of L for which Aemission = Afootprint-
Hence:
1 P? p?

—=~0.144-— (1.9
- (19)

L>——
4-43 W

In the case of this work, the values used for P and W were be 1.5 pm and 0.25 um respectively.
Hence, we get a minimum value of L of 1.3 pm to get an area of emission greater than an equivalent planar
LED. Knowing than the average nanowire grown on these samples could reach a length of 5 1m or more,
the area of emission of a core-shell nanowire grown by SAG can theoretically have an area of emission
several times higher than for a planar LED for a sample of the same size'?!. This increase in active area is
not only beneficial for light emission, but also for current injection in the material. Indeed, as the active

area gets greater, the current density inside the LED gets reduced, which also limits the efficiency droop.

3.1.2 NO/REDUCED QUANTUM CONFINED STARK EFFECT

One of the most interesting points of the core-shell structure is that it allows to emit light from
non-polar planes. Indeed, one element that has not been mentioned until now is the effect of the
spontaneous polarization on the band structure. Indeed, spontaneous polarization creates a field inside the
lattice, which interacts with the potential in the material. A representation of the distortions induced by
Quantum Confined Stark Effect (QCSE) is provided in Fig. 1-34. The first and most notable effect is the
shift of the energy levels if the electron and hole closer together, which reduces the energy of transition. In
practice this effect red shifts the emission'?'?. These consequences can sometimes be used to reach higher
wavelength of emission, but it come at a cost. Indeed, in the presence of a high density of carriers in the
QW, a local potential may appear counteracting the effect of QCSE. If the density of carriers gets high
enough, the QCSE may be entirely compensated, and the wavelength of emission will be similar than that
of an equivalent non-polar QW!2'2", However, this also means that modifying the power injected in a polar

QW will also modify its wavelength of emission.

The second effect of QCSE is the separation of the electron and hole wavefunctions. Indeed,
because the QW is shifted, it becomes asymmetrical, and the overlap between electron and hole
wavefunctions is reduced, which is detrimental for the recombination efficiency: the radiative lifetime'® is
considerably increased and the carrier radiative recombination are exposed to much stronger competition
with non-radiative processes, which have short lifetimes, and can hence become preferential pathways for

carrier recombination. We hence chose to work on the non-polar sidewalls of the nanowires.
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Figure 1-34: Effects of the Quantum Confined Stark Effect in a nitride QW (taken from ref. '*).

3.1.3 A HIGH CRISTALLINE QUALITY

The last big advantages of core shell nanowires grown through SAG is that it allows to
dramatically reduce the amount of dislocation in the active nanowires. This happens through two processes,

called dislocation bending and dislocation filtering.

In nanowires, the high amount of free surfaces in nanowires allow to yield relaxed GaN above
lengths of the order of several hundred of nm, which is also true for top-down structures'®. However, in
bottom-up growth, the free surfaces already present during growth are also responsible for dislocation
bending, which results in the absence of dislocations in the nanowire. One proposed mechanism of
formation is the following'® : during the first stage of the growth, the vertical growth rate is higher than

180 which was done in an MBE setup but relies on diffusion and

the lateral growth rate (as shown in ref.
plane stability, and could hence be applicable to MOCVD setups) and the nuclei will start displaying some
semi-polar planes, which will become more prevalent as the growth continues. Because the dislocations are
thermodynamically inclined to thread toward the closest free surface, they will gradually bend to reach
the semipolar planes, which is observed experimentally as a 90° bending in the (0001) plane. In practice
this mean that apart from the dislocation located at the very center of the nuclei, all dislocations
(transferred from the template or created through the coalescence of several crystallites) will be bent
toward the lateral facets of the nanowire (Fig. 1-35(b)). The main consequence is that a GaN nanowire is

dislocation free above a given height, which is generally of the order of 100nm in our case™.
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Figure 1-35: Filtered dislocations on a SAG mask for NW growth (indicated with black arrows) and bent

dislocations (taken from refs. '* and ' respectively)

This tool has also been applied to planar growth, through a method called Epitaxial Lateral
Overgrowth'®2. In this method, the growth is switched to a 3D growth mode through a mask which will
filter part of the dislocations (Fig. [-36(a)). The 3D growth of pyramidal nuclei bends the dislocations in
the basal plane. At the coalescence between two nuclei, the dislocations meet, and those with opposite
burger Vector annihilate. When the growth is switched again to a lateral growth mode, the remaining
dislocations will bend toward the (0001) plane once again. It should be noted that unlike nanowire growth,
because ELO switches back to planar growth, the dislocations are not all cancelled, and some will remain
concentrated in some areas, leaving large dislocation free areas (Fig. 1-36(b)).
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Figure 1-36: Basic mechanism of ELO (a) and (b) top and transverse view of a planar device made using

an Epitaxial Lateral Overgrowth method (from ref. '**).

1

The last point is specific to SAG: Dislocation filtering'®' occurs because of the homoepitaxial of

growth of GaN on GaN through a selective mask. Indeed, when working with SAG nanowires, the growth
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is done through a mask on planar GaN grown generally on Saphire, which has a typical dislocation density
of the order of 5.10° cm™. This means that threading dislocations that are not terminating in one of the
openings of the mask are essentially filtered (Fig. 1-35(a)). Tt is possible to estimate the quantity of
dislocation filtered using only the geometry of the mask. As an example, let’s consider a masked array
following a geometry as described in 3.3.1 with circular openings of a diameter of d=500nm, and a pitch

Aoppening T

2
of p=1.5um. The amount of filtered dislocations filtered can be calculated as n = ——— = —- D—Z, which
Afootprint 23 P

in our case gives a value of n =0.10. This means that 10% of the dislocations are expected to be

transmitted to the nanowires, hence a reduction of dislocations of one order of magnitude.

Thanks to both dislocation filtering and dislocation bending, the main source of dislocations in
SAG nanowires are the one created by lattice mismatch during the heteroepitaxy of InGaN on GaN during
active layer growth. In the last paragraphs, we have mainly focused on intrinsic properties of GaN core

shell grown by SAG.

3.1.4 FLEXIBLE NANOSTRUCTURES

In this manuscript, we have given little attention to the mechanical properties of GaN, as it is not
critical to understand LED processing and semiconductors in general. The young and shear moduli of GaN
are estimated to be above 300GPa and 150GPa respectively'®, with a fracture toughness lower than 1
MPa - v/m %, This means that bending GaN elastically requires a lot of force, and that fractures may easily
appear. Indeed, with such properties, building a flexible device using a large planar LED structure has

16 reports the successful transfer and characterization of a

some inherent limitations. One recent study
large area planar LED on a PAAM hydrogel, reporting enhanced PL intensity of the device due to the
compensation of QCSE by piezoelectric polarization under bending. However, this study does not provide
precise and reproducible radii of curvature and does not report on the evolution of the performance of the
device under multiple bending cycles, or the appearance of macroscopic defects such as cracks. One solution
would be to encapsulate a dense array of small individual LEDs in a flexible material like a polymer, with
SAG core shell nanowires perfectly fitting this description. Once the structures are encapsulated, it is
possible to remove the structures from the substrates. Indeed, thanks to GaN low fracture toughness and
the large aspect ratio of the nanowires, bending the nanowire will result in its breaking at the base. The
membrane can then be processed to deposit both p and n contacts at the top and bottom of the nanowires

respectively, at which point the device can then be electrically injected to produce light.

3.2 CORE-SHELL GAN NANOWIRES: DIFFERENT GROWTH STRATEGIES

The nanowire morphology has been studied thoroughly on a wide range of materials for a lot of different

applications, such as lasers'®”, water splitting'®, flexible LEDs'®, high electron mobility transistors!*

or
piezo generators'® to cite only the case of nitrides. To understand the differences associated with each
nanowire geometry, a general outline of the different approaches will be provided in the following
paragraphs. The structure used in this PhD is the core shell structure, which relies on the first growth of
a GaN core, and the subsequent growth of a shell containing the InGaN/GaN heterostructure around the
core. This is by opposition to the axial geometries that can be grown through MBE, that include the

growth of the InGaN/GaN in the growth of the nanowire itself'%.
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In this PhD, we will call the core the bulk part of the nanowire, in opposition to the shell that refers to
the close surface of the nanowire, where the QWs and subsequent p-GaN will be grown. The main aim of
core growth is going to be the optimization of the geometrical properties of the nanowire, whereas the shell
focuses on optical properties. We will discuss here the different techniques that exist to grow the core, with

special interest on the MOCVD technique.

3.2.1 TOP-DOWN APPROACH

The top-down approach to nanowire fabrication consists in growing a thick planar layer of GaN
following the classical process used for the elaboration of planar devices. The planar layer is then masked

using either a metallic or dielectric layer, and the GaN is then selectively removed using wet etching'*,

144 145

dry etching'** or sublimation'* respectively. This method allows the best control over the size, geometry,
and morphology of the nanowires. The main disadvantage however is that the selective removal of the
GaN may introduce defects on the top a lateral facet, especially when using dry etching, which can be
problematic if the structure contains an active layer. This effect may however be counteracted using wet
etching'®, which can successfully remove the surface states introduce by the plasma, or even entirely
remove the top defective layer of GaN. Another disadvantage is that this method does not benefit from
the effects of dislocation bending and filtering which will be presented later in this document, meaning
that nanowires produced through this method may also contain more structural defects such as dislocation
than their counterparts produced through bottom-up processes. The last disadvantage of using top-down
fabrication of nanowires is that nanowires will not exhibit sharp crystalline facets with their associated
precise properties. The evolution of some GaN nanowires during top-down etching process is presented in

Fig. 1-29.

"

. e
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Figure 1-29: Elaboration of GaN nanowires through the top-down approach (dry and wet etching

respectively) (taken from ref. '*?).

3.2.2 BOTTOM-UP APPROACH

In the bottom-up approach, the nanowires are grown directly on the substrate instead of being
carved out of a planar GaN layer. While this has the advantage of not introducing defects in the structures,
it makes the process more difficult requiring specific methods to achieve high aspect ratio. We will present

several of those techniques that are used to grow nanowires.
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3.2.2.1 CATALYZED GROWTH

One of the most critical aspects in the growth of nanowires is the nucleation. Furthermore,
controlling the positioning of the nanowires is an important feature, as it allows to have control over the
density of the array, The first method used to grow nanowires circumvented this issue by using catalyzed

growth, a process in which the nanowires grow on previously deposited metallic seeds!*.

The idea of using metal catalyst to grow nanowires is not new and not unique to GaN. Indeed,
the first reported use of this process dates to 1954, when Johnson and Amick!'*® first reported Si nanowires
growth, using Zn vapors as a catalyst. However, the first report of nanowire growth using a metallic seed

would only be published in 1964 by Wagner et al.'*

who used solid gold seeds to grow Si nanowires. This
method has been declined in two different strategies, Vapor-Liquid-Solid"™ (VLS) growth, where the metal
seed liquifies during growth (Fig. 1-30), and Vapor-Solid-Solid"*! (VSS), where the metal seed stays solid.
In both cases, the mechanism of growth is the same' % the metal catalyst acts as a collector for the gas-
phase reactants by creating a ternary alloy in the case of GaN. This process goes on until the alloy reaches
saturation, at which point it will start segregating a GaN compound. From this, the reaction will go on
until no new reactant is being collected by the catalyst. It should be noted that this process has been

verified by filming the in-situ growth of Au-catalyzed GaAs nanowires'™.

This method has several advantages and disadvantages. On the advantages, this method allows
to control not only the positioning of the nanowires, but also their diameter. Indeed, this growth mode
allows to achieve very thin nanowires'”, thanks to a limited lateral growth and an initial diameter
depending only on the size of the catalyst seed. It should be noted however that the size of the droplet is
limited, and there is minimum droplet radius achievable with this method!'™. Growing thick nanowires
would also be challenging, as the raising the droplet radius would result in a lowering of the contact angle
with the substrate, which is a critical parameter of growth and may be responsible for inhomogeneities'".
However, this does not limit the length of the nanowire, since GaN nanowires grown by VLS can reach
lengths of several tens of micrometers with a diameter lower than 100 nm'®, which gives an aspect ratio
of 100 or more. Last, the use of a metal catalyst allows nanowires to be grown on a large variety of
substrates, since the growth is driven by segregation of the GaN out of the catalyst, and not by actual

epitaxial deposition of adatoms.

However, this growth mode comes with a few issues. The first one is that the difficulty to control
of the nanowire crystallographic orientations. It has also been reported that some catalyst may incorporate

as point defects in the nanowires and have been attributed to deep level transition'®1%

, as well as structural
defects'®1%, Finally, it should be noted that even if the metal catalyst does not incorporate in the GaN
during the growth, it may also create a pollution in the reactor. Metallic particulates are thus to avoid in

an MOCVD reactor.
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Figure 1-30: Close up view of an Au-Ni catalyzed GaN nanowire (a) and corresponding sample

morphology (b) (taken from ref '**)

3.2.2.2 SELF-ORGANIZED GROWTH WITHOUT CATALYST

Because of these disadvantages, an alternative growth approach without catalyst has been
developed. Catalyst free processes must overcome issues such as positioning, nucleation, that had been
previously solved using metal catalyst seeds. One alternative method is to use self-organized growth!'®!,
relying on a precise control of the thermodynamical parameters of the growth to achieve an irregular array

of nanowires (Fig. I-31(a)).

The growth process relies on a first in-situ preparation of the surface of the sample in order to
obtain nanowire growth. The first step is to obtain nucleation layer. This can be done either by AIN in-

165 or by nitridation of a sapphire substrate under NH; at high temperatures®!%. This step

situ deposition
is followed by the growth of a thin (~2 nm) in-situ porous SilNy mask'®"'% which helps promoting local
growth of GaN seeds. This step is critical, as this layer is going to be responsible for the nanowire density,
as well as their crystalline quality. Indeed, the authors of the ref.!®* observed that a long growth time of
this SiNy layer would result in poor crystalline quality of the wires, which they correlated with a change
in the seed morphology'™. Subsequent GaN nucleation is performed, followed with growth under optimized

conditions to favor the vertical growth as described in chapter 2.

The advantage of this method is that it can be entirely performed in-situ, which makes it time
and cost effective, but also prevents contaminations and damages to occur to the sample. It also allows to
yield nanowires with lengths of several tens of micrometers (Fig. 1-31(b)), owing them the name of
microwires, which is favorable for polymer encapsulation such as found in the flexible device

fabrication!?%166.167

. The main disadvantage of this technique is that it does not control the position,
morphology and polarity of each individual nanowire, which is responsible for inhomogeneities in size,
density, and optical/electrical properties. One structural defect prevalent in self-organized nanowires is the

IDB, which is caused by the coalescence of nuclei of Ga and N-polar polarity!6*1%,
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Figure 1-31: SEM images of GaN nanowires grown by self-organized growth with different growth

parameters (taken from ref. '%!).

3.2.2.3 SELECTIVE AREA GROWTH WITHOUT CATALYST

Selective Area Growth (SAG) is the inverse philosophy of self-organized growth and has been first
reported by Hersee et al. in 2006 '™ . Selective Area Growth relies on ex-situ preparation of the sample,
which includes the deposition and patterning of a thick (~30 nm) SiNy or SiOy mask. This allows to get a
very homogeneous array of nanowires, at the cost of a more complicated and expensive preparation.
Different methods can be used to do the patterning, but this PhD mainly focused on Displacement Talbot
Lithography (DTTL)'™ with several tries with Electron Beam Lithography (EBL), which is also commonly

used, and microsphere lithography, which is a more unusual method of patterning.

The growth process of the nanowires themselves is very similar to the one used in self-organized
growth, with key differences in the nucleation step. Indeed, selective area growth is dependent on the depth
profile of the opening, as it is a key factor for nucleation. Gacevié¢ et al.'*® reported that during the first
steps of nucleation of GaN nanowires by MBE, the first crystallites started to grow at the periphery of the
hole in the mask, which is consistent with observation made on other cases of selective area growth by
MOCVD!™, This make sense, the driving mechanism behind this mode of growth is diffusion of adatoms
on the mask until the specie either desorbs or gets to an opening. The crystallites will then start to coalesce,
until they form a unique crystal in the opening. The last step is the morphological of the crystallite through

the formation of stable crystallographic facets.

This means however that selective area growth is lithography dependent, as the nucleation is
sensitive to the opening profile. It requires thus a great care during the ex-situ masking process, as well as
a precise control over growth parameters. It allows to get a dense regular array of nanowires with
homogeneous properties on surfaces of the order of the cm? (Fig. 1-32). The fact that the nanowires can be
directly grown through homoepitaxy on a GaN template also means that the crystallographic orientation
as well as polarity are controlled, which efficiently prevents the apparition of defects such as dislocations
and IDBs.

Self-organized and selective area growth can thus be used in complementarity of one another. Self-

organized growths being simpler and faster make it a great tool for research and establishing proof of
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concepts. However, when it comes to process optimization and device fabrication, the control and

homogeneity offered by selective area growth make it an appropriate method.

I .I
500 nm

I ”\ |ﬁ
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Figure 1-32: Examples of GaAs nanowire arrays grown by selective area growth (taken from ref. '™ )

3.2.2.4 MIXED APPROACH

1% attempts to associate the top down and bottom-up approaches to easily

The mixed approach
produce nanowires of good quality. The idea behind this approach is that using a top-down approach will
allow to get a regular array of nanowire with precise control of the geometrical features of the nanowires.
Once the nanowire produced, the defects introduced by the dry or thermal etching can be removed by
doing a wet etching, which tends to introduce less defects in the material. From then, the sample is put in
a growth reactor in order to grown GaN on top of the nanowire, which may under specific condition help
to regrow some crystalline facets on the nanowire. The main advantage of this method is that it allows to
easily get a regular array of nanowires, as can be obtained with a top-down process. However, the
subsequent etching and regrowth allow to improve the crystalline quality of the structures, as it would be

the case in bottom-up growth. However, this method also requires a lot of steps, using several different

techniques, which adds complexity to the process.

4 CONCLUSION

In this chapter, we have provided an overview of nitride semiconductor properties, focusing on GaN
for visible LEDs applications, with an emphasis on the nanowire geometry. While this overview was
necessary to understand the context and the stakes of the use of nitride in optoelectronic devices, we still
need to present in detail the growth of core-shell SAG nanowire LEDs by MOCVD, including the
mechanism of growth and critical parameters. We also need to present the tools used to characterize such
structures on the morphological, structural, and optical point of view. This will be the subject of the next

chapter.
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Chapter 2:

Experimental setup: growth and characterization of GaN

nanowires
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In the last chapter, we have provided a description of the basic properties of IlI-nitrides and the main
motivations of the PhD project focused on the use of nanowires for flexible LED devices. In this chapter,
the selective area growth (SAG) by MOVPE and characterization of GaN nanowire-based LEDs will be

presented, with the aim to provide necessary knowledges to understand the work performed in this PhD.

1. GROWTH BY MOCVD

The principle of growth by MOCVD has been quickly presented in the last chapter, with the aim of
exhibiting the main advantages and drawbacks of this method. In the next paragraphs, we will provide
the mechanism behind growth by MOCVD in more details, including reactor geometry, nature of used

precursors, as well as growth conditions specific to catalyst-free nanowire growth.

1.1 REACTOR GEOMETRY

The nature of MOCVD growth relies on the reaction of gaseous species that are subsequent
adsorbed on the substrate. As such, a well-designed reactor aims to have control over both the precursor
transport and the thermodynamic parameters to ease epitaxial deposition. Hence, the geometry of the
reactor is driven by two main properties: the flow of incoming gas and the temperature gradients within

the reactor. Stemming from that, several reactor geometries may be used.

One of the earliest designs is the horizontal reactor'. In this geometry, precursors are injected into
a horizontal chamber, and flow toward the sample (Fig. II-1 (a)). The main advantage of this design is its
simplicity, as it may be built as homemade setup, which is also why this design is also common in other
CVD techniques, such as HVPE? or graphene CVD?. Thought the use of this reactor has been critical in
both development and understanding of MOCVD and related materials, this geometry presents some
significant drawbacks. For example, because of the flux direction, the properties of the gas flow may be
different between the entrance and the exit of the reactor. This can be caused by depletion of the reactants!,
which is the difference of partial pressure of reactants between the front and the back caused by the
reactions on the sample. The boundary layer effects’, defined as the non-uniformity in the laminar flow
caused by the proximity of a solid surface, can also be responsible for perturbation of the gas flow. Both
these effects cause inhomogeneities in the growth rate and chemical composition of the sample. These
inhomogeneities can be fixed by tilting the sample toward the flux*?, or by rotating it. The sample rotation
is the more effective method to limit inhomogeneities but introduces some challenges to integrate in home-

built systems'*.

The second common geometry reactor is the vertical reactor'! (Fig. II-1 b), which has become
more common in recent years. This harder to build geometry introduces more technical challenges,
especially at large scale. One of such challenges is the rotation of the substrate, which is almost systematic
on this kind of reactor. Indeed, the rotation symmetry means that the inhomogeneities on the sample only
depends on the distance to the center of the susceptor (Fig. II-2 (d)). This rotation has also been reported
to create a pulling on the incoming flow!, by decreasing the pressure around the susceptor through venturi
effects, insuring further homogeneity of the properties on the sample. However, the vertical geometry also
1.6,7

helps significant convective effects to arise'®’, which have also been reported for the horizontal geometry

to some extent.
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Figure II-1: Examples of horizontal (a) and vertical (b) reactor geometry.

Other changes made to the reactor can have significant effects on the flux of precursors and
consequently on the quality of the deposited material. For instance, the wall of the reactor might be heated
(hot wall reactor), or not (cold wall reactor). This is because by design, the gas flow in a reactor is expected
to be laminar, meaning that the path taken by each gaseous species in specific locations do not change
over time, and do not mix. In cold wall reactors, a gradient of temperature appears between the susceptor
and the chamber, which is responsible for convection movements, or even turbulent flows (in which
contrarily to laminar flow, the paths taken by each gaseous species can mix, and are expected to change
overtime) in some cases®. However, using a cold wall reactor ensures that the gases do not start to react
before they get close to the sample. On the other hand, a hot wall reactor ensures a better homogeneity?,
but the reaction between precursors starts as soon as the gases reach the reactor. Other recent improvement
made to MOCVD reactors is the use of planetary susceptors'® and showerheads'!, which both increase the
homogeneity. In the first case, not only is the susceptor rotating on itself, each individual pocket for a
wafer also rotates on itself, reducing even further the effect of inhomogeneities in the chamber. In
showerhead reactors (Fig. 1I-2 (a) and (c)), the gases are introduced through an array of small holes

allowing for efficient mixing of the gases, which limits composition variations in the chamber.
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Figure II-2: Two of the vertical MOVPE reactors used in this work based on showerhead technology: (a)
Aixtron 7x2” reactor and (b-d) Thomas Swann 3x2” during a maintenance showing in more details

several components, (b) the heating element, (c) the showerhead and (d) the susceptor and the liner.

In this work, growths have been made on three different vertical showerhead reactors built by the
manufacturers Aixtron and Thomas Swann, namely the models Aixtron 7x2” (Fig. II-2(a)) reactor and a
Thomas Swann 3x2” (Fig. 1I-2(b-d)) for nanowires, and a Aixtron close coupled showerhead 3x2” for
growth on graphene. These reactors are very similar in their geometry, but it should be noted that MOCVD
is a parameter sensitive process, which means that criteria such as origin of reactants and substrates,
history of material grown in previous growths'?, susceptor and maintenance of the reactors may also impact
the quality of growth in some way. In the next paragraph, the different precursors used in MOCVD will

be presented, and a small discussion on their various effects on the growth will be provided.

1.2 GENERAL PROCESS

Metalorganic chemical vapor deposition works similarly to other CVD processes, as described in Fig.

II-3. The growth proceeds as follow:

Reactant gas © O By-products Boundar|y
Gas-phase reaction Q layer
(3) Mass transport © (d) © _ ©—Intermediate o
(@) reactants O ©
Desorption and
(b) Gas diffusion (b) L el s plol

Adsorption

® © ©°
QY0 ——¢ % —©0— oD

Heterogeneous reaction

Figure I1-3: step-by-step representation of the process of epitaxy by a CVD process. The surface in yellow

represents the substrate, and the surfaces in grey are the walls of the reactor. (from ref **)
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A flow of reactive gases is first introduced in the reactor, where the substrate of growth lies (a). These
gases will either diffuse through the boundary layer (b) and adsorb to the surface of substrate (¢), or they
will first react in the gas phase to produce reaction intermediates and byproducts (d). For any given CVD
process, there is a large variety of possible reaction path and intermediates and is usually of secondary
importance when it comes to actual growth. Some of these intermediates will also diffuse through the
boundary layer (b) and adsorb onto the substrate (c¢). Here, the species will diffuse onto the surface until
they either further react with atoms in the solid phase (e) or desorb of the substrate and out of the
boundary layer. The remaining gas phase, which consists of unreacted precursors, desorbed intermediated
or reaction by products is transported out of the chamber. There are hence three limiting factors for CVD
growth: kinetics, transports, and desorption. These mechanisms are controlled by temperature and will
each limit the growth at different temperature ranges (Fig. 1I-4). First, at low temperatures, the precursors
do not have enough energy to overcome energy activation. Hence, the reaction rates (both in the gas and
adsorbed phase) are low, and a small proportion of the precursor will react and participate in the growth,
with is therefore kinetics limited. When increasing further the temperature, species will react efficiently,
but the growth needs to proceed on available dangling bonds on the growth substrate. An adatom has to
diffuse on the surface to get to an appropriate point for deposition. At this stage, further increasing the
temperature results in an increase in growth rate, as it promotes transport of the species, and increases
the probability of the species to find dangling bonds to form a covalent bond. Further increase in the
temperature will start limiting the growth rate at some points. Indeed, when the adatom get enough
energy, they will have a significant probability of desorbing before bonding covalently with the surface,
meaning that they don’t participate in the growth. It can be concluded that the optimal regime for growth
is the between transport limited and desorption limited growth, as this is the point that combines a high

reaction rate, high diffusion length and low desorption rate.

Growth speed Kinetic Transport . Desorption
(um/h) limited limited of
growth reaction | adatoms

Temperature (°C)

Figure 1I-4: Summarize of the evolution of the growth speed with temperature exhibiting the different

growth regimes (adapted from ref ')

71



1.3 PRECURSORS

1.3.1 METALORGANIC COMPOUNDS

Metalorganic compounds are the main particularity of MOCVD. It stems from the fact that most
metals evaporate at very high temperatures, and using an organometallic compound helps working in vapor
phase at lower temperature between 500 to 1200°C, which are achievable with a MOCVD reactor. The
main compounds used are either trimethyls or triethyls, bounded with Ga, In or Al. For example, in the
case of Gallium, the compounds are trimethylgallium (TMGa) and triethylgallium (TEGa) (Fig. 1I-5 (a)
and (b)). These compounds are very reactive, and are a known source of hazard, due to pyrophoric effect
(they will spontaneously combust when exposed to air), and water reaction by acidifying it, meaning that
they can cause severe burns and irritation if they encounter any living tissue. Hence, MOCVD reactors are
placed in a glovebox with inert nitrogen atmosphere, both for safety reasons for the user and to avoid side
reactions with oxygen to occur during growth, which could lead to the residual incorporation of extrinsic
defects or dopants in the material. However, because organometallics naturally contain carbon atoms, the

use of MOCVD implies that some small quantity of unwanted carbon will always be found in the grown

structures.
CH3 @ ..... - ; -0 .(:.:O
Carrier gas Carrier gas
+
precursor
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H3C/ S en
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~_ >~

Figure II-5: Molecule of TMGa (a), TEGa (b) and bubbler setup for metalorganic vaporization (c)

At room conditions, metalorganic compounds are a liquid with a boiling point above 60°C for
TMGa, and even higher for TMIn and TMAI In MOCVD, there are used as vapors, and are hence kept
as liquid in closed metallic containers called bubblers (Fig. II-5 (¢)). During growth, a carrier gas, usually
H,, N2 or a mix of both, is injected into the bubbler, which will have the effect of carrying metalorganic
vapors to the reactor. The organometallic vapors are regenerated constantly in the bubbler to maintain
their vapor pressure. The pressure inside the bubbler can be controlled through the injection of carrier
gases, and the temperature is controlled through a bath maintained at a given temperature. With these
parameters, it is then possible to control the vapor pressure of the metalorganic compound, and hence to

directly know the actual flux of these compounds in the carrier gases, given in equation 2.1 and 2.2'".

Pvo
OmMo0 = Qcarriers * P (2.1)
tot

b 1013.15
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with Ppmo and QPcarriers the metalorganic and carrier gas fluxes respectively (mol.min™), Py
the pressure inside the reactor (mbar), Pou the vapor pressure of the metalorganic compound (mbar), T
the temperature of the bubbler (K), and last a and b constants with typical values for TMGa of a=8.07
and b=1703K*.

1.3.2 AMMONIA

The second important precursor for the fabrication of III-Nitride semiconductor structures is
ammonia as Nitrogen source. Indeed, N, cracking is only possible at very high temperature non-achievable
with an MOCVD setup. Moreover, ammonia is already in gas phase at room conditions and can be hence
readily injected into the reactor. On a safety point of view, it should be noted that Ammonia is a toxic
gas even at low concentrations and is hence one of the reasons why MOCVD rooms are under negative
pressure and equipped with gas detectors. The flow of NH; in the reactor is usually given in standard cubic
centimeter per minute (scem) but can be converted to a mol.min™ flow by assuming it behaves as an ideal
gas and has hence a molar volume of 22.4 l.mol™. It should be noted that law can be applied to other gases

that may behave as ideal gases, such as carrier gases for example. CH;

1
@Pmol/min = Pscem * m (2.3)

1.3.3 DOPANTS

Because this PhD features the growth of an electrically injected device, being able to dope the
material is of great importance. For n-doping, it has been previously mentioned that the most common
dopant is silicon, but some studies also successfully report the use of germanium'?. In both cases, the
precursor used is the hydride compound, namely either silane (SiH,) or germane (GeH,), which are injected
in the reactor as diluted gases. While the germanium doping has been reported as interesting in the case
of planar growth, the use of silane is critical for the growth of high aspect ratio nanowires thanks for its
ability to react with ammonia to form silicon nitride (SiNy), as it will be explained in more details later.

Hence, silane (Fig. II-6 (a)) has been the only n-dopant used in the growth realized during this PhD.

The p-doping of GaN is a challenging process. Indeed, most candidates for p-doping usually end
up being compensated in GaN. Usually, magnesium doping is considered as the only option introducing

16 and iron'” can also induce a p-doped behavior in GaN.

enough carriers, but some reports show that zinc
In all these cases, the molecules used are metalorganic compounds. In the case of both Mg and Fe, the
precursor are ferrocene and magnesocene (Fig. 1I-6 (b)), presented as Cp.Mg and Cp.Fe (Bis-
Cyclopentadienyl magnesium or iron respectively). The Zn precursor is either dimethylzinc or diethylzinc.
Except for ferrocene, which is stable, these compounds share the pyrophoric and corrosive properties of
TMGa and TEGa. Another common point is that they are also introduced in the reactor as vapors through
bubbling, rather than as gases directly. In this PhD, we used only Mg doping, which is the most common

p-dopant in GaN fabrication.
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Figure 11-6: Formula of SiH, (a) and Cp:Mg (b)

1.4 UNCATALYZED SELECTIVE AREA GROWTH OF NANOWIRES

In this part, a discussion about the general approach to nanowire growth and the impact of growth
parameters will be provided. this discussion mainly focuses on obtaining a nanowire structure, while the

growth conditions for the shell will be provided in a latter paragraph.

1.4.1 DIFFUSION DRIVEN GROWTH

When doing nanowire growth, the main goal is to reach structures with high aspect ratio, meaning
that the growth needs to be anisotropic to favor vertical growth and limit horizontal growth. Hence, the
adatoms that participate in nanowire growth are mainly incorporated through the top polar or semi-polar
facets. The origin of these adatoms is important, as it allows to understand the main driving factors behind

the process. Wang et al.'® studied these contributions, and built the model presented in Fig. II-7.

== adsorption

— = diffusion

ey
a®
.
-
.
o

...................... Area of Collection

Figure II-7: Contributions to nanowire growth as described by Wang et al.'®

In this work, three contributions are identified as sources of adatoms for incorporation into the crystalline

lattice:
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-Jrop is the flow of adatoms adsorbed on the top surface. These adatoms do not need to diffuse to
participate to the growth. In the case of this work, this contribution will usually be ignored, as the area of
the top facets is usually small compared to the sidewalls of the nanowire, or the area of collection on the
mask. Also, this contribution is usually almost invariant, as the area of the top facets evolves slowly

compared to sidewalls.

-Jsw is the flow of adatoms collected on the sidewalls of the nanowire. This contribution requires the
adatoms to diffuse toward the top of the structure and is hence diffusion limited. In early stages of the
growth, this contribution is expected to be negligible, as the structure features almost no sidewalls. The
flow rate of atoms incorporated through Jsw then increases with the size, until the length | of the nanowire
reaches the diffusion length on the sidewalls, Agy,. At this stage, Jsw saturates to a given value, and stays

constant up to the end of the growth.

-Jsup is the flow of adatoms coming from the mask around the nanowire. This contribution is important
in initial stages, as the small surface of the nuclei means that most of the adatoms used for growth adsorbed
on the mask. Hence, at the very beginning of the growth, the area of collection for Jsun is a circle around
the nuclei with a radius equal to the diffusion length on the mask A,,,5,. However, as the nanowire grows,
the species also must diffuse on the sidewalls of the nanowire. This limits the effective area of collection,
as more diffusion on the sidewalls means less available diffusion on the mask, and the adatoms that the
adatom that are incorporated to the top are collected closer from the nanowire as the growth proceeds.
Hence, Jsup decreases as the nanowire grows, until the length of the nanowire is equal to the diffusion
length of the species on the sidewall. At this point, the area of collection becomes null, and Jsugs cease to

contribute to the growth, as the adatoms collected on the mask cannot reach the top of the nanowire.

The study of Jsup matters in the case of selective area growth, as it will impact the kinetics of the
growth in early stage. Indeed, if the openings in the mask are not spaced enough, the areas of collection of
neighboring nanowires might overlap, meaning that in early stages, the structures will compete for adatom
collection. This might result in slower growth, as ref’® shows a decrease in growth rate for nanowire with
less pitch after growth is initiated. In extreme cases, this competition between nuclei could lead to empty
openings, as the competition in the nucleus stage could lead some of the available openings to never develop
nuclei of critical size to initiate growth. Because of all these reasons, it is easy to identify diffusion as a
driving force responsible for nanowire growth, and hence most growth parameters needs to be adjusted to
optimize diffusion. The next paragraphs aim to present how this is done using simple parameters, such as

the gas mixes, the pressure or the temperature.

1.4.2 GROWTH CONDITIONS

1.4.2.1 IMPACT OF GAS RATIOS

The Ammonia flux is a first important parameter for the stability of the GaN material Indeed,
c-plane GaN is notorious for having a thermal stability depending on the NH; partial pressure, with some
reports showing that GaN starts thermally decomposing at temperature as low as 800°C in the vacuum
environment of molecular beam reactor'® because of Nitrogen evaporation. NH; only starts to efficiently
dissociate around 700°C in MOCVD conditions®™*', so during the heating step large amounts of NH; are

injected (typically with a V/III ratio in the range of 1500-3000) to stabilize GaN by preventing nitrogen
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outgassing, enhancing its thermal stability up to more than 1000°C*. On the other hand, a high partial
pressure of NH; without metalorganics to react with, results in a roughening of GaN?*, partly because of

the generation of hydrogen through cracking.

During the nitride growth, the flow ratio between IlI-metalorganic precursors and ammonia, called
the V/III ratio will have a direct impact on the growth of preferential crystallographic planes: For nanowire
growth, the V/III is kept at very low values, usually of the order of 10 to 100. Indeed, it has been reported
that high partial pressures of NH; promotes lateral growth through favorable incorporation of species on
m-planes, which is favorable to a planar mode of growth?*?. Nanowire growth is achieved through high c-
plane growth speed, and stable m-plane ensuring a limited lateral growth, which justifies the use of low
NH; introduction. Another reason for limiting the NH; is that it releases H, upon incorporation of the N

26

atom in the structure®®, which stabilizes the Ga-polar semi-polar planes.

Because of that, the ratio Ha/N, has been shown also to have an impact on the aspect ratio®. As
mentioned previously, the hydrogen flux also has a significant effect on the structures, and it is usually
compared to the N» flux. Indeed, both gases are used as carrier gases, but one is reactive, while this other

one is inert. P.M. Coulon!"*

reported that a high Ha/N; ratio reduces the lateral growth rate and improve
the inhomogeneity of NW dimensions. Indeed, at a Hy/N» equal to 1 or more*’, horizontal is dramatically
reduced. Hence, the best strategy to grow nanowires is to keep a Hy/Ns ratio above 1 to avoid lateral

growth.

1.4.2.2 IMPACT OF REACTOR PRESSURE

Pressure is one of the main non-chemical parameters in any MOCVD and may have dramatic
impacts on the behavior of the reactants, as it influences most thermochemical processes. However, to stay
true to the gas mix, any pressure-dependent study should be done while keeping stable gas mixes (V/III,
V/dopants, Ho/N,, precursors/carriers, etc..). In an MOCVD reactor, the pressure is modified through the
flow rate of the gases inside the reactor (and not by adding more of one specific specie), meaning that
modifying the pressure is not expected to modify the composition of the gas mix. In Ref' | the authors
varied the reactor pressure from 100 mbars to 500 mbars while keeping the precursors flow constant and
observed an etching of the GaN template at high pressures. The authors concluded that this etching could
be due to limited diffusion induced by the high pressure. Other authors published studies about morphology

29,30

changes in GaN grown by MOCVD when modifying the pressure®®’. It was found that planar GaN
structure (either ¢ or m-plane) were both prone to faceting when grown at high pressures, which could
indeed be caused by a limited diffusion length. Indeed, at high pressures, the adatoms can diffuse toward
the most thermodynamically favorable crystalline plane (here, either r-plane or a-plane), leading to their
disappearance through outgrowing. On the other hand, ref * notes that the structures grown at low
temperature had a poor morphology and exhibited roughening. This could be caused by outgassing related
to low NH; partial pressures, as the partial pressure of a gas is not only related to the relative concentration,
but also to the total pressures. Because of this, a balance needs to be found with pressure to promote

adatom diffusion while avoiding outgassing caused by low partial pressures.

1.4.2.3 IMPACT OF TEMPERATURE

Temperature is the last of the critical parameters in MOCVD growth of nanowires and is often

used to finely optimize the morphology of the nanostructures. This is because temperatures help having
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direct control over the length of diffusion of adatoms. Other effect of temperature includes modifying the
efficiency of thermal cracking of the precursors as well as other reactions in gas phase, and modification of
the thermodynamical equilibrium of the different facets (leading to the apparition and disappearance of
different morphologies). But the main influence of the temperature is going to be seen in the competition
between diffusion and desorption. Indeed, while increasing the temperature increases diffusion length (that

is necessary in the growth of high aspect ratio structures '**)

, it also promotes decomposition of the

structure.
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Figure I1-8: Behavior of the growth under different temperatures (from *')

For instance, the observed dependance of nanowire morphology from the ref. * is as follows shown
in Fig. 1I-8: at low temperature, the diffusion length of the nanowire is reduced, and hence, the maximum
height reachable by the nanowire is limited. Because of this reduced diffusion length, the adatoms will also
preferentially deposit on lateral sides rather than at the top, meaning that the obtained structures are
expected to have low aspect ratios. Further increasing the temperature will induce outgassing from the
different facets, starting with the top facet*, which will compete with the growth, and hence reduce the
growth rate'*®. At high enough temperatures, sidewall outgassing will also start becoming significant.
However, because the growth is optimized to have the lowest possible horizontal growth rate, the
decomposition will not be covered by new deposited material, and it will leave ridges and roughness that
will still be visible after growth'**. Last, if the temperature gets too hot (>1200°C), a degradation of the
pattern is observed'"®. In our setup, we found that the best range for growing nanowires is around a
setpoint of 1150°C. These temperatures might vary depending on the substrate, the reactor, and the
overall growth conditions, but usually occur in a narrower ~20°C window of temperatures in a particular

setup.

77



Growth parameter Value

Setpoint Temperature 1175°C
v/l 15
HZ/NZ 3
Pressure 100 Torr
SiH, >100 nmol.min!

Table II-1: Values of critical growth parameters used in this work for GaN core nanowire growth.

Table II-1 shows a summary of the values used in this PhD for the growth parameters discussed in
the previous paragraph. Additionally, nanowire samples presented in this document have been grown on
a masked GaN template on Sapphire. The mask geometry and parameters have already been described in
part 3.1.1 of Chapter 1. One parameter that has not been introduced is the SiHs introduction, which is
necessary in order to achieve lengths. However, because this parameter as been the object of advanced

studies as a part of this work, it will be discussed in more details in the Chapter 3.

2. CHARACTERIZATION TOOLS FOR GAN

In the scope of this work, several methods of characterization have been used to assess the properties

of the samples. In this part of the manuscript, these different methods will be presented.

2.1 LUMINESCENCE

The most accurate way to assess LED performances s would be to grow a full LED structure along
with metallic contacts to directly inject current to measure its overall light emission, which is a
characterization method called electroluminescence. However, as well as being time-consuming, this
method does not probe only the optically active layer of the device, but also the metal contacts that may
have their own issues. Fortunately, there are other methods used for the characterization of optically active
samples that allow to measure the emission in a material. These two methods, commonly known as
cathodoluminescence and photoluminescence, are complementary on some points, and will be presented in

the next paragraph.

2.1.1 PHOTOLUMINESCENCE

In photoluminescence (PL), the source of excitation for carrier generation is photons (Fig. 11-9)
whose energy is greater than the energy of transition in the material. The photon source is usually a laser
beam, as it allows to work with coherent and collimated light. In the case of this PhD, the two lasers used
were a continuous doubled Ar beam (A = 244 nm) and a pulsed YAG (A = 266 nm), meaning that in both
cases, the energy used was above 4 eV, which is well above the one necessary to induce transition in a
GaN or InGaN material. It should be noted that the wavelength used is not a critical parameter as long

as its corresponding energy is higher than the recombination that needs to be characterized.
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Figure 11-9: Simplified scheme of a confocal PL setup (from *)

After excitation, the pathway taken by the carrier toward relaxation will be mainly influenced by
the lifetime of each process, which is defined as the average time it takes for a carrier to undergo a specific
transition. Indeed, if two pathways are considered, the one with a short lifetime will tend to outcompete
the other one. For example, even a small concentration of non-radiative recombination centers in a material

can become an issue if the associated lifetime is significantly shorter than the radiative ones.

The first process to occur to the carriers is thermalization. Indeed, because the carriers are excited
above the gap energy, they end up carrying excess energy in the form of kinetic energy, which can be seen
as excess temperature, which is why these carriers are sometimes referred to as “hot carriers”. These hot
carriers are expected to thermalize (Fig. 11-10), which means that they will lose their energy and reach the
lowest energy in the conduction band through phonon generation, scattering between hot carrier, and
interactions with electrons in the lattice. Thermalization has an expected associated lifetime of 5+ 10~ 1ps®
in InGaN, which is orders of magnitude faster than most pathways for recombination and can hence be

considered instantaneous in this context.
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Figure II-10: Pathway taken by carriers for a defect assisted non-radiative recombination in GaN

For both radiative and non-radiative recombinations, the lifetime is expected to vary with
temperature, which can be used to calculate the Internal quantum efficiency (IQE), that can be defined as
the ratio between the number of photons emitted from the active region to the number of injected carriers
per second (2.4). Assuming that the intensity of a PL signal is proportional to the number of injected
carriers and the radiative recombination constant (2.3), and that the number of injected e-hole pairs is
constant with temperature and will recombine either radiatively or not (2.6), we can write that the IQE

is determined by the ratio of the radiative recombination rate to the recombination rate due to all processes:

1
__ w® _ k(M k(D
e = L-} 1 kp(D+kw(D Kk
TR(T) ~ Tye(T)

(2.4)

Ip,(T) < kg(T) -n (2.5)
with Ipy, the PL intensity, n the number of electron/hole pairs injected, T the temperature, ky the radiative

recombination rate, kyr the non-radiative recombination rate that are defined as k == for each

contribution, k a constant representing the total number of carrier recombining in a given time, and n the

factor between the number of radiative recombinations and the overall PL intensity.

At temperatures close to 0 K, the radiative lifetime of a non-polar InGaN quantum well is
expected® to be of the order of 1107 s, while the non-radiative lifetime is expected to be several orders
of magnitude higher. Hence, it is usually assumed that recombinations at low temperatures happen only

through radiative recombinations, which allows to make the following approximation:
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At higher temperatures, non-radiative lifetime decreases strongly, and reaches lifetimes of the
order of the ns at room temperature, while the radiative lifetime increases. This means that at higher

temperature, non-radiative pathways become preferential for the carriers.

kr(300K) kg(300K)  Ip;(300K)
k  kg4K) T Ip(4K)

Niqe(300K) = (2.8)
Hence, it can be concluded that the ratio of intensity at 4K and 300K allow to give a reasonable
approximation of the IQE assuming no non-radiative recombination at low temperature, which is

possible with InGaN materials due to the high localization.

The setup of PL itself consists in a laser beam. The beam is then focused on the sample. The
difference between PL and pPL, is the spot size: the first one focuses the beam to a spot size of several
hundreds of pm, while the second allows the beam to reach a spot size of the order of 1um. The signal re-
emitted by the sample can then be collected and focused on an optical fiber through a filter to remove the
laser’s signal, where it is sent on a Charge Coupled Device (CCD) sensor through a monochromator (Fig.
II-11). The CCD counts the number of photons, while the monochromator separates the different
wavelengths. To do this, the setup uses a first mirror to collimate the beam on a grating, which separates
the different light wavelengths. These wavelengths are collected by a parabolic mirror, that will focus each
wavelength into a point. By varying the angle of this second parabolic mirror, one can scan the wavelengths
of the spectrum on through a slit feeding only one wavelength at a time on the CCD, and hence obtain a
full spectrum. The width of the spectrum is hence controlled by the range of angles scanned by the

parabolic mirrors, while spectral resolution depends on the density of the grating.
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Figure 1I-11: Scheme of a monochromator/CCD setup used to measure spectra in PL (adapted from
ref*)

2.1.2 CATHODOLUMINESCENCE

Cathodoluminescence is in principle quite similar to photoluminescence, in the sense that the
source of energy is also a narrow beam of high energy particles. However, in cathodoluminescence, the

particle used for the excitation is an electron beam, instead of a photon one. This leads to important
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differences in how cathodoluminescence characterizes a sample. Indeed, the electron beam can be focused
to a spot size of the order of the nanometer using a Scanning Electron Microscope. It is thus possible to
make SEM imaging and luminescence spectra when using a CL setup. This allows the identification of
features such as alloy composition variation, high densities of non-radiative centers, or even structural
defects such as dislocations or stacking faults. The electron beam also has a higher penetration depth than
a laser, which can be tuned directly using the energy of the beam, allowing to get the specific contribution
of one layer. These properties of the CL make it a suited tool to precisely characterize nanostructures. One
limitation appears when working with samples grown on an optically active template, such as the GaN
templates used in this PhD. Indeed, the high penetration depth of the electron beam is going to lead to a
substrate signal overshadowing the one of the heterostructure. Therefore, it requires some sample
preparation, which, in this work, consisted in the transfer of the structure on an optically inert Si substrate
using a razor blade. The overall preparation, sample loading and measurement are significantly longer than
the ones in PL, and this method of characterization is hence more fitted for fine characterization of a
sample rather than quick measurement for optimization purposes. Last, it should be noted that it is
significantly more challenging to cool a sample in CL because it is in the chamber of a SEM, and hence,

CL setups do not systematically include a system allowing to work at temperatures close to OK.
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Figure II-12: Scheme of a cathodoluminescence setup (a) and representation of the parabolic mirror used

to focus the light output.

To measure the cathodoluminescence of a sample, it is necessary to use a SEM equipped with a
parabolic mirror, a spectrometer, and a CCD sensor (Fig. 1I-12). There are three main modes that can be
used. The first, named the panchromatic mode, allows to measure the overall light intensity produced at
each point of the surface, by measuring the light intensity through the CDD produced at each point during
the scan of the beam. This is especially useful when trying to measure the presence of non-radiative
structural defects, such as dislocations, that are hence expected to appear as dark spots on the mapping®.
The second mode implies to use the beam as a PL laser, and measure single spectra on a specific area, by
passing the light through a spectrometer before sending it to the CCD. This mode is useful in order to get
the emitted spectrum in specific areas, with a precision order of magnitude greater than in PL. Last, it is
possible to realize hyperspectral mapping of the sample, which consists in measuring the CL spectrum at
each point of a scan. This functionality is by far the most useful, as it also allows to get the information
provided by the panchromatic and single spectrum mode (by integrating the light intensity over the
wavelength range, or by looking at a single spectrum on a specific point respectively). Because it essentially
maps the spectrum of emission, it is a versatile and powerful tool to analyze the presence and properties

of quantum wells, defects™, or alloy fluctuation®.

82



2.2 MICROSCOPY

Another critical part of the characterization tool for nanowires is microscopy. Under this term
stems a variety of techniques used to assess the structural properties of the material, from the morphology
of the nanowire itself to the structural defects contained in the material. In this paragraph, the methods

used in this PhD to realize such assessments will be described.

2.2.1 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy (SEM) is a key characterization tool when working with micro or
nano structures, as it allows to generate images of the sample at magnification that cannot be resolved
using optical microscopy (< Ipm). The microscope works by generating a beam of electrons in an anode,
that are then accelerated by applying a high electric potential to a cathode. The beam is then aimed in a
column under high vacuum, where an array of electromagnetic lenses will focus the beam to a spot, as well
as straightening it and correcting for its astigmatism, as shown in in Fig. II-13. The sample is placed at
the focal point of the beam, in a chamber under vacuum. Upon encountering the sample, the incident
electron having an energy in the range of 1-20 keV will interact with the surface of the material, producing
a variety of emission of particles, as described in Fig. II-14. The area where these interactions occur form
a pear-like shape, which depts depends on the energy of the electrons. Different sensors in the chamber
will then collect the intensity of emissions of each of these particles on a given point. By scanning a given
area on the sample with the beam, it is then possible to map the intensities of these particles and build a

corresponding image of the sample.
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Figure II-13: Scheme of a basic Scanning Electron Microscope

It should be noted that the different particles emitted during exposition of the material to the
beam may carry different information about the material itself. These particles stem from the different
kinds of interaction of the primary beam with the sample, inside the interaction volume (Fig. 1I-14). The

emitted particles include:
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(a)

Auger electrons (Fig. TI-14(b)), which are produced when the beam ionizes one of the inner
shell electrons. A higher shell electron will then relax to its level, releasing energy, which may
ionize one of the outer shell electrons, called an Auger electron. By measuring the energies at
which auger electrons are produced, one can deduce the atom responsible for their emission.
Hence, Auger electron spectroscopy™® allows to get information about the elements of the first
few nanometers of the surface of the material.

Secondary electrons (SE) (Fig. 1I-14(c)), which are electrons resulting from the ionization of
the material under the beam. This process happens at high energy and is hence concentrated
in the first 100nm of the material. They provide topographic information about the surface of
the material. It should be noted that second order secondary electrons can be formed by the
interaction of the material with other secondary electrons. Hence, secondaries are sometimes
separates in first (SE1) and second (SE2) order, with SE1 being significantly more energetic
and shallower than SE2%.

Backscattered electrons (Fig. 1I-14(d)), which are electrons of the primary beam that undergo
scattering at depths of several hundreds of nm. Because of this, they are not affected by the
topology as much as SE and are more sensitive to the atomic number of the atoms of the
crystal and their crystalline information. Hence, they are used both to indirectly map the
composition?’, and phases of the material, and their diffraction allows to measure the relative
orientation of different crystallites®.

Continuous X-rays (Fig. 1I-14(e)), which are caused by the deceleration of electrons through
the bremsstrahlung effect, produced in the first few um of the sample. This effect is thoroughly
used in synchrotron facilities to produce X-rays but does not have any significant use in
scanning electron microscopy of semiconductors.

Characteristic X-rays (Fig. [I-14(f)), which are produced by excitations and de-excitation of
inner shell electrons of the atoms in the material interacting with the beam (also called
fluorescence). Their name stands from the fact that their energy directly depends on the atom
responsible for the emission, and they hence allow to directly identify the atoms present in a
sample, through Energy Dispersive X-ray spectroscopy*?. Much like continuous X-rays, they
are produced in the first few pm of the sample.

CL radiation (Fig. II-14(g)), which has been described in more details in the last paragraph.
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Figure II-14: (a) Scheme of the interaction volume for each interaction process and (b-g) corresponding

interactions
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Because of this variety of characterization technics available to the user, scanning electron
microscopy is a versatile tool, allowing for a large variety of analysis of a sample with little to no
preparation. However, this technique also has its limitations. Indeed, while its resolution is order of
magnitude higher than what is reachable through optical microscopy, the typical size of the beam of the
SEMs used in this work are between 2 and 5 nm. While this suggest a nanometric resolution of imaging,
it should be noted that the final imaging resolution is also limited by the interaction volume, which depends
on the material and parameters used for imaging. This effect is even more pronounced when working with
signals with large associated volumes of interactions, such as CL and EDX. On the other hand, SE that
typically have a smaller volume of interaction are mainly sensitive to topography, and not to chemical
composition. Hence, while the SEM is an adapted tool for the assessment of surface morphology or rough
estimation of composition, it does not allow to precisely characterize features such as quantum wells or
heterostructures. Hence, for fine analysis, other method of characterization is necessary, and this is where

transmission electron microscopy (TEM) starts being useful.

2.2.2 TRANSMISSION ELECTRON MICROSCOPY (TEM)

In Scanning electron microscopy, the collected signal stemmed from the interaction of the electron
beam and the surface of the sample. In transmission microscopy, the beam is collected on the other side
of the sample, and hence must go across it. Hence, the sample used must be thin enough (maximum a few
hundred nm), and the energy provided to the electron beam is typically higher (>60 keV in the case of
the TEM wused here). In this paragraph, the technique used to prepare the samples for TEM
characterization is going to be presented, and an overview of the techniques used in this work will be
provided. This list is not exhaustive, since transmission electron microscopy is still evolving nowadays,

with new methods of characterization being developed®.

2.2.2.1 SAMPLE PREPARATION BY FOCCUSED ION BEAM

The typical thickness of a sample used for transmission microscopy is usually less than 100 nm.
While this size can be reached using mechanical polishing for bulk sample, working with micro or
nanostructures requires the use of specific techniques in order to get samples ready for transmission
microscopy. The most used of these techniques is focused ion beam (FIB) milling. This method consists in
using a beam of high energy heavy ions, usually Ar or Ga, to locally etch the sample with a precision of
the order of 10 nm. This is usually done in a SEM microscope, which allows to observe the sample as it is
getting milled. The usual process used for milling is described in Fig. II-15. The sample is first covered
with an amorphous conductive layer, usually made of Pt or C, in situ deposited by a low energy beam.
This step is critical, as the high energy ion beam used for the milling can be responsible for the introduction
of extrinsic defects in the lattice. The sample is then exposed to a high energy ion beam, usually using Ga
ions. At this step, the goal is to carve the slice that will be used in the TEM chamber. The slice can then
be attached to a micro tip using amorphous Pt and transferred to a holder. At this point of the process,
the slice has a length and width of the order of several um. Once attached to the holder, the ion beam can

then be used to mill the structure to the desired thickness.
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TEM sample holder

Figure II-15: TEM sample preparation method using the FIB-SEM technique. (a)Nanowire transferred to
a Si-substrate, (b) deposition of Pt protection mask on the sample surface, (¢) ion-milling trenches around
the sample, (d) sample after transfer to the TEM sample-holder, sample after thinning viewed (e) from
the front and (f) from above.

Thanks to this technique it is possible to manipulate and thin micro-objects. However, the use of
this technique comes with a few disadvantages. First, as stated before, the use of a high energy ion beam
can be responsible for the introduction of defects. In severe cases, the milling may optically kill the sample.
A second issue is that this method is long and costly. Indeed, it takes half a day for an experimented user
to produce a single lamella (which was further exacerbated by the fact that this machine was not readily
available at the CRHEA), and the operating costs mean that the quantity of samples that can be produced
using this method is limited. One last disadvantage is that in the case of the present structures, the dense
array and the aspect ratios of the nanowires make it difficult to isolate single structures. Also, the height
of the nanowire may require depositing important quantities of Pt to fully encapsulate one nanowire.
Because of that, trying to encapsulate nanowires directly on the sample leads to large Pt/nanowires
conglomerations, the Pt itself is porous, and both factors make it more challenging to thin the lamella in
the proper direction, leading to artefacts during TEM measurement (Annex A). Hence, much like it is the
case in CL, nanowires longer than 2pm were systematically transferred on a flat surface before undergoing
the FIB process, to make the process easier for the user, and to yield high-quality lamellas. In the studies
done in this PhD, two planes were used in order to do the cut and the thinning, which are represented in

Fig. 1I-16. Cuts along the (0001) plane were used to characterize the structure on all the facets of the
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nanowire at a given height, which allow to compare properties such as the thickness of a layer on all the
m-planes (Fig. 11-16(b)). Second, (1120) were made along the whole length of the nanowire, such as
presented in Fig. 1I-15 and Fig. 11-15 (c). These lamellas allow to image the m-planes quantum well along
the whole length of the nanowire. These two kinds of lamellas were studied uniquely in the (0001)
and (1120) zone axis respectively and will be referred to as Longitudinal and Transversal lamellas in the

next paragraphs for the sake of simplicity.

Ce
Longitudinal
(1120)

Transversal

Figure 1I-16: (a) schematic representation of a nanowire with the two planes of thinning used in this

PhD, along with images of a (b) transversal and (c) longitudinal nanowire lamella.

2.2.2.2 IMAGING

Once the sample has been prepared, it can be used for its characterization. The characterization
of samples in transmission microscopy relies on the electron beam transmission, usually (but not
systematically) through a specific crystalline direction, called the zone axis. The provided image is hence
a projection of the lattice through this axis. The choice of the zone axis is something that will directly
affect the way the sample is prepared, as working without a tilt on a specific zone axis allows for more
precise measurements, especially in examples such as EDX measurements. Because the preparation of the
sample can define the main 0 tilt zone axis used during observation, the main zone axis is usually chosen

before starting the sample preparation.
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Figure 1I-17: Scheme of a basic Transmission Electron Microscope.

In TEM microscopy, the main interest is to collect the electrons passing through the sample to
obtain various information about its microstructure. The main components of a TEM are presented in Fig.
II-17. Before encountering the sample, the electron beam can be assimilated to a plane wave, described by

2im(kr)+9o with A the amplitude, k the wavevector, r the vector of

a function of the form ¢ = A-e
propagation and ¢, the phase shift of the wave. Upon encountering a crystalline lattice, the beam will
undergo scattering. There are three categories of scattering processes that can occur: coherent elastic
scattering, incoherent quasi-elastic scattering and inelastic scattering. The energy lost during inelastic
scattering is responsible for the emission of second order particles or quasi-particles, part of which can be
measured (such as photon in the form of CL and EDX, or phonon generation in the material). Because of
these different emissions, a large variety of TEM uses exist to better fit the need of different fields. Hence,
a brief description of the methods used to characterize the sample in this PhD will be provided in this

paragraph.
TEM, diffraction, bright field and dark field

The classical use of a TEM" is represented in Fig. II-18. As can be seen, the primary beam is
parallel, which is done using the condenser lens (Fig. II-17). After encountering the sample, the beams are
collected and concentrated by the objective lens. The beam then encounters the intermediate lens, which

has a variable focal lens, allowing to switch between diffraction and imaging mode.
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Figure II-18: Pathway followed by the primary and scattered beam between the objective and

intermediate lens in a TEM.

In diffraction mode, the intermediate lens is adjusted to project the pattern built on the back-focal
plane, which is a projection of the reciprocal lattice through Bragg scattering. Hence, each spot on the
diffraction pattern corresponds to a specific crystallographic plane, with an associated vector ginri- Because
of this property, it is commonly used to adjust the alignment of the sample with the beam. It can also be
used to check the number of crystalline phases in the material. Fig. 1I-19 (a) shows the patterns obtained
by electron diffraction in the case of a sample with a monocrystalline phase. However, this diffraction

pattern is also critical to make images.

Indeed, if one were to put a small aperture on the back-focal plane, it would be possible to
reconstruct a full image using only one specific contribution of the reciprocal lattice, as can be seen in Fig.
II-19. This allows to switch between a bright field image built using the image projected by the transmitted
direct beam, or with a scattered beam, leading to the projection of the dark field image. The dark field
image is an image built with electrons that underwent scattering. The mainly used method to collect the

dark field image is to use deflector lenses to tilt the incident beam to move on the optical axis of the TEM.

_ >

Figure II-19: (a) Diffraction pattern of a WZ-GaN sample in the (0001) zone axis with diffraction points

corresponding to the primary and diffracted beam. (b) bright field setup, (c) dark field setup obtained by

tilting the primary beam.
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One of the other reasons to use a diffracted beam instead of the direct one is their sensitivity to
some structural defects, such as dislocations and stacking faults. Indeed, in some specific conditions, the
contrast associated to some defects can be cancelled, meaning they are invisible. The conditions that
describe this phenomenon, called extinctions conditions, vary from one defect to another. For dislocations',
a dislocation is invisible if its burger vector is perpendicular to giux such as b gina = 0 and if gipwa -
b X u = 0, with u being the unit vector in the propagation direction of the dislocation. It should also be
noted that, in practice, it is observed that dislocation become invisible when |b -u| < g For stacking
faults' the extinction rule relies on the displacement vector around the stacking fault, called R. Hence, it

can be shown that the stacking fault contrast is extinguished if g+ R = n, with n being a whole number.

With this basic information about the operation of a transmission electron microscope, it is easy
to see that it is a fitted tool for structural characterization. Indeed, it allows to make images up to atomic
resolution, chose imaging mode allowing to highlight or erase the presence of some crystalline defect,
measure crystalline structure, as well as phases and their relative orientations. However, because the sample
is illuminated by a parallel beam, it is difficult to get information that are not already contained in the

image, such as chemical composition.
STEM, HAADF and EDX

In Scanning Transmission Electron Microscopy (STEM), the main goal is to image the sample by
scanning it with a convergent electron beam and measure the transmitted signal point by point. Hence, it
is possible to reconstruct the image from the intensity map, as would be done in a SEM. This method has
several advantages. First, because the measurements are done individually at each point, it is possible to
couple STEM with another sensor, such as EDX or CL. These measurements can also be done with a TEM
setup but would give an average signal on the studied region. To get mappings, the use of a small beam
is necessary. Obtaining a small beam requires to use a high convergence angle. Another difference between
SEM and STEM is the aberration: in TEM, the aberration occurs at the level of the objective lens, whereas
in STEM, it occurs before the beam encounters the sample, in the condenser lenses that are responsible
for the size the beam. Hence, to make HR-STEM pictures of samples, STEM setups may require having

some form of aberration correction to decrease the beam size and hence, imaging resolution.

Because the STEM method uses a convergent electron beam instead of a set of parallel beams, the
interaction with the lattice yields a slightly different diffraction pattern. In Fig. II-20, the three main
contributions in the pattern are presented. First, the transmitted beam sits in the center of the pattern,
as is the case in TEM. An array of diffracted beams can then be witnessed and contain crystallographic
information on the samples. Last, at higher angles sits a halo of inelastically scattered electrons, that are
sensitive to atomic number and allows to get a chemical contrast during imaging. Because of this, making
images with inelastically scattered electrons is called Z-imaging. Fig I1-20 (a) shows how the pattern looks
like in the case of a low convergence angle. However, in HRSTEM, with a high convergence angle, the
diffraction spots get larger, and tend to overlap, meaning that it becomes difficult to distinguish the

transmitted and diffracted beam.
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Figure I1-20: Diffraction pattern from a convergent beam in STEM at low (a) and high (b) resolution

imaging

To measure these different contributions, there are several detectors that can be used in STEM
microscopy (Fig. 1I-21). Much like in TEM, the bright field sensor measures the direct transmitted beam,
but has not been used in the scope of this work and will not be further detailed here. Then, two annular
detectors may be used to measure the diffracted beams and high angle scattered beam, as presented in
Fig. 11-21 (b). This is done respectively by an Annular Dark Field (ADF) detector and a High-Angle
Annular Dark Field detector (HAADF). This configuration is useful to make high quality Z-contrast
imaging using the HAADF detector, while simultaneously making a crystallographic contrast image with
the ADF detector. By playing with the projector lens, it is possible to adjust the diffraction magnification
(camera length) to make sure that the signal received by the ADF detector correspond to diffracted beams,

while the HAADF detector receives the electrons scattered at high angles (Fig. 11-24 (c))

Condenser lens LC=50mm

Apperture HAADF
ADF

Sample

(a) (b) (b)

Figure 11-21: (a) schematic representation of STEM characterization, (b) detectors and (c) diffraction

pattern under operation for a camera length of 50mm.

In this work, the imaging methods were also coupled with EDX measurements. The EDX
measurements in STEM work following a similar principle than in SEM microscopy, with one difference
being that the TEM sample is thin limiting the emitting volume. STEM was carried on an aberration

corrected Thermo Fisher Spectra 200 equipped with two rows of ADF/HAADF detectors at different
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lengths. The STEM is aberration corrected, with a resolution between 0.7 and 1.1A for acceleration voltages
of 60 and 200keV respectively. For this thesis the microscope was always operated at 200kV. Z-contrast
images were taken with collection angles between 110 and 200mrad, while crystallographic contrast was
obtained between 35 and 200mrad. Two EDX sensors were used for characterization allowing a large
detection solid angle of 1.8 sr. The line used for the EDX of Si, Ga and In respectively are the K, L, and

Ly Lines.

2.3 X-RAY DIFFRACTION

While TEM is an accurate way to characterize the crystalline structure in a sample, it requires
preparation with tools that are not always accessible, working at small scale, which does not allow to get
statistical information on the samples. Hence, another method is used to characterize the crystallinity of
a sample on a large scale, which is X-ray diffraction (XRD). This method uses an X-ray source to produce
a beam that is shone onto a tilted sample. The crystallographic arrangement of the sample will act as a
diffraction grating for the X-ray, by following the Bragg’s law. Because this phenomenon depends directly
on the crystallographic structure of the sample, it allows to get critical information about its
crystallography. By scanning the sample with a detector moving at different angles around the sample, it
is possible to measure peak intensity corresponding to the diffracted pattern. The diffraction occurs when
the Bragg’s law is respected (Fig. 11-22), meaning that the incidence angle needs to be such as: n-A=2-
d-sin (0), with n an integer, A the wavelength of the X-ray beam, d the lattice parameter and 6 the

incidence angle.

Figure 1I-22: Scheme of Bragg diffraction in a crystal

Other properties can however be measured. In the case of a thin heterostructure, it is for example
possible to check relative orientations and tilt of the different layers, or grains in the case of a
polycrystalline layer. Also, since Bragg diffraction depend on the lattice parameters, XRD allows to
measure the interatomic distance in compounds such as InGaN, which allows to calculate its strain and
composition. It should be noted that because XRD is essentially diffraction through a crystalline lattice,

it can only provide useful information on crystalline or semi crystalline materials.

Along the uses that can be made of such a technology (such as, for example, powder analysis), the
ones that have been used during this PhD will be presented here. In this scope, XRD has mainly be used
to characterize nanostructures dispersed on a substrate. In this scope, the method and interpretations are
both different from the planar case, in which the material is a monophase and monocrystalline structure,
and from the powder case, in which the crystal structure and directions are expected to be different from

one crystallite to another.
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Figure 1I-23: Simplified scheme of a X-ray diffraction measurement setup

In nanowire grown through SAG, the use of XRD is limited due the presence of the underlying
substrate and the characterization would require to separate the nanowire from the substrate, and to use
an equipment with enough precision to characterize single nanowires®. These technical difficulties mean
that in this work, XRD has mainly been used to characterize the growth of nanostructures on 2D materials

and has not been used in the case of nanowires.

XRD allows first to characterize the main crystallographic planes produced by the growth, which
is not always obvious in this context. This can be done simply by scanning the sample through a 2theta-
omega scan (Fig. 11-23), which measures the intensity of the signal measured by the receptor relative to
the value of 26. The sample needs to be positioned such as the scan allows to put the investigated planes
in Bragg condition. In the case of GaN, this is usually done by placing the sample with the basal c-plane
parallel to the holder. During a 26— scan, the angle of both the source and the receptor are varied at the
same time, and at a similar rate (hence the name 26-w scan) to measure when the angle of the beam
respects the Bragg law, and hence measuring the presence of different crystallographic facets. Moreover an
elastically strained material will have a different inter-atomic distance and will therefore have a shifted
diffraction angle. It is possible to measure elastic staining by using XRD, which is critical in the case of

growth on 2D material, since successful VAW or Remote epitaxy is expected to yield relaxed structures®.

Another information that is critical in growth on 2D such as graphene is the relative orientation of
the grown structure to the material under the graphene. This allows to tell apart VAW and remote epitaxy,
as the nanostructure is expected to follow the crystallographic structure of the underlying substrate in the
second case. In the case of an asymmetric peak, this can be done by performing a ¢ scan. Indeed, by setting
the system in Bragg conditions and rotating the sample on itself following the ¢ axis, it is possible to

measure the in-plane directions of the crystallographic structures and see if they match.

The last method used to characterize structures grown on 2D materials is the plotting of a rocking
curve, which consists in a © scan. The rocking curve allows to measure the relative rotation between nuclei,
and hence characterize the twist and tilt of the structures'’. To do so, the set-up is positioned to satisfy

the Bragg’s law, either of the signal of the (0002) for tilt, or one of the (101X) planes (X being an integer)
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for the twist. The sample is then tilted, leading to the extinction of the diffracted signal. By modifying the
angle around the Bragg’s peak, one can build a gaussian curve, which is the rocking curve. The FWHM of
the rocking curve is directly correlated to the tilt and twist and allows to make qualitative comparison
between samples. In case of remote epitaxy, the twist can also be an indicator of the strength of coupling

between the underlying substrate and the nuclei.

3. CONCLUSION

In this chapter, we have been able to present the basics of GaN nanowire growth by MOCVD, as well
as the methods to characterize them. Understanding this allows to exhibit the basic issues toward their
use in flexible devices and give us clues as to how to use the process to solve these issues, and how to verify
these results using the characterization tools at our disposal. In the following chapters, we aim to present
several studies done toward the elaboration of flexible devices. The first of these studies will focus on the
characterization and optimization of the growth process to heighten their properties. The second study
will focus on the elaboration of flexible LEDs, and optimization done to fit the use of SAG nanowires. The

last paragraph will show the work done toward the growth of optically active nanostructures on graphene.
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Chapter 3:

Effect of Si on GaN nanowires core growth
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In the first two chapters we described the materials as well as the elaboration and characterization
methods that have been used in this PhD. In this chapter we will study in more details the impact of

silicon, provided by silane, during the GaN core-nanowire growth.

1. SiGaN ANTISURFACTANT LAYER

1.1 Si-PROMOTED GROWTH MECHANISM

In the previous chapter we went over the main parameters used to control the morphology of GaN
grown by MOCVD. However, by varying these parameters alone (i.e. temperature, gas ratios and pressure
mainly) it is only possible to obtain microstructures with a maximum height of few pm'? This can be
understood by considering the different contributions to the vertical growth rate and in particular the flux
of species coming from the dielectric mask surface'. Indeed, the SiNy mask used to grow the structures is
amorphous and it provides no dangling bond that could be used for nucleation. Thus, it acts as a reservoir

of adatoms that can be transported toward the top of the nanowire through diffusion. The height of the
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nanowire is thus limited by the diffusion length of the species on the sidewall, as evidence by the studies
on the kinetics of nanowire growth'?. However, several publications reported the growth of much longer
nanowires ( >10pm in length'?). We conclude that there is thus another way to greatly increase the adatom

diffusion on the sidewalls. In the next paragraphs we will present how this result has been reached.

Indeed, it has been discovered that the addition of silane during the growth dramatically increases
the vertical growth rate as well as the maximum reachable height for a nanowire®’, going from a few pm
without silane to several tens of um, with a high flux of silane typically higher than for n-GaN doping
(>100 nmol/min). This phenomenon has been quickly identified as being caused by an increase in diffusion

1458 which is not surprising since the anti-surfactant effects of Si on GaN

on the sidewalls of the nanowires
growth have been known for some time™. Further investigation on samples grown using this method
revealed that the nanowires feature a thin shell that can be revealed through dry etching of the structures.
This feature can be seen in transmission microscopy, and EDX measurements indicate that it contains

higher quantities of Si than the surrounding material®.

Following these observations, Tessarek et al.* concluded that the introduction of silane during
growth was responsible for the deposition of a thin SiN layer. This layer is suspected to be the main reason
behind the increase of diffusion of adatoms on the sidewalls of the nanowires. In this model (Fig. 11I-1), Si
reacts directly with the ammonia in the chamber to form a SiN layer on the sidewalls of the nanowires.
This layer helps the Ga species to diffuse to the top of the nanowire, where they accumulate in the form
of a metallic droplet, much like those observed in catalyzed VLS nanowire growth. The droplet is then
expected to readily react with any upcoming nitrogen adatom to form GaN. Moreover, both Si and N are

1011 and are hence expected to be segregated, which could

expected to have a low solubility in liquid Ga
favor the reaction leading to the formation of SiN. According to this model, the SiN layer has two uses in
the growth of nanowires: first, to help diffusion and promote thereby vertical growth, and second, to act
as a blocking layer for sidewall growth. This layer is thus sometimes referred to as an antisurfactant layer,

and this term will be used to describe a material sharing these properties in this chapter.

Figure ITI-1: Schematic representation of the growth mechanism proposed by Tessarek et al.*

However, some limitations on this model can be noted. First, while the model insists on the
presence of a Ga droplet at the top of nanowire during the growth, no direct evidence of its presence has

been provided. The main explanation is that the cooling down of the GaN structures is usually performed
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under N-rich conditions to prevent thermal decomposition of the nanowires, and hence, the metallic droplet
is consumed by reacting with ammonia. Also, while the data suggested that the thickness of the layer is
probably sub nanometric and contains Si (as confirmed by EDX measurements ), this layer was not further

investigated in this study. The properties of this antisurfactant layer have yet to be investigated.

1.2 PROPERTIES OF THE SIDEWALL SiGaN

As explained in the last paragraph, the growth of the Si-rich layer is a critical factor in the growth
of GaN nanowires by MOCVD, as it extends the diffusion of species on the sidewalls allowing to grow
structures with high aspect ratios and lengths above the pm scale. Since the first reported use of Si for the
growth of nanowire!, there has been several direct reports of the presence of the antisurfactant layer. The
layer has been first observed by Tessarek et al.' in TEM imaging and EDX spectra, confirming the presence
of a Si rich layer between the core and the shell of the nanowire. Finer characterization was later done by
Hartmann et al.!, which used Auger spectroscopy to measure the thickness of the Si-rich layer and its
composition, reporting the presence of Si and O in the layer as well as a varying thickness. Finally, two
studies'>" report on the presence of Gallium in the layer, suggesting that the compound was a SiGaN
compound. However, despite these studies, the data regarding the antisurfactant layer on MOCVD grown
nanowires is scarce, and there is no definite conclusion regarding its crystallographic structure or its
composition. Hence, as part of this PhD, particular attention has been paid to characterizing this ultra-

thin layer to understand its properties.

In the next paragraphs the properties of the Si-rich antisurfactant layer will be investigated by
TEM. Two samples have been studied: A core-shell sample of fully n-GaN doped nanowires, referred to as
sample A in the rest of this paragraph, has been produced by MOCVD in a Thomas Swann showerhead
reactor. The core growth was performed at a setpoint of 1175°C, under 100 Torr, for 1800 seconds. The
gas mix consisted of 1790 pmol.min™ of NH;, 110 pmol.min™ of TMGa (giving a V/III ratio of 15), and
400 nmol.min™! of SiH,, with a carrier gas mix of Hy/N, = 3. A subsequent shell consisting of 3 InGaN
quantum wells has been deposited. For this, a GaN spacer was first grown at a setpoint temperature of
1175°C and 100 Torr pressure for 100 seconds. The gas mix consisted in 130 mmol.min" and 55 pmol.min"
' of NH; and TMGa respectively. Then the quantum wells have been grown at 850°C for 360 seconds,
using TMGa and TMIn fluxes of 58 and 32 pmol.min™' respectively, using only N» in the carrier gas mix,
and keeping the other parameters similar to the spacer growth. The quantum wells were systematically
capped by raising the temperature to a setpoint of 1060°C and stopping TMIn flow. The second sample,
referred to as sample B, has been produced with similar core conditions, except for the TMGa and NHj;
that were lowered to 82 and 1340 pmol.min™, respectively, to emulate a stronger relative SiH, flux. Another
difference is that the sample does not feature a shell growth and consists uniquely of a core GaN structure.
TEM samples were then prepared by FIB milling and observed in a Thermo Fisher SPECTRA 200

aberration corrected TEM microscope.

1.2.1 THICKNESS AND CRYSTALLOGRAPHIC STRUCTURE

First, the thickness of the layer as well as its crystalline structure, which has not been discussed in
previous reports to our knowledge, have been investigated. High resolution STEM images measured at

CRHEA on a transverse lamella of the nanowire taken at 2/3 of its height (~9pm) are presented in Fig.
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III-2. As it can be seen, the thickness of the layer is limited to two monolayers. For clarity, in this chapter,
the term monolayer, abbreviated ML, will refer to single GaN monolayer as presented on the schematic in
Fig. I11-3, in which 1 ML along the m-plane is represented when observed along < 1120 > and < 0001 >.
However, the main result in this image is the crystallinity of the layer, which is surprising since most
dielectric masks are amorphous. Here, the crystal structure can be clearly seen extending from the GaN to
the InGaN through the SiGaN. A similar result has been obtained in longitudinal lamellas, strongly
suggesting that it displays a wurtzite crystalline structure (as it will be shown hereafter in Fig. I1I-4).
Interestingly, Fig. III-2 shows that the GaN spacer grown at the first stage of shell growth has not been
deposited, and that the first deposited layer after core growth is InGaN.

L e e B B B
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Figure I11-2: STEM images at the junction between core and shell (a) ADF at low and (b) HAADF at
high magnification. The high magnification picture features an InGaN quantum well, the GaN core and

an ultrathin Si-rich SiGaN layer (Transversal lamella, sample A).

(a) (b)

GaN 1 ML projection <11-20> GaN 1 ML projection <0001>

Figure 111-3: Representation of a single GaN monolayer projected along the (a) < 1120 > and the (b)
[0001] directions
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To see how this layer varies along the sidewall of the nanowire, an analysis was performed on sample
A, which features a visible Si-rich layer from the top to the bottom of the sidewall m-planes. The HAADF

images used in this study are presented in Fig. I1I-4.
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Figure I11-4: (a-d) STEM-HAADF images and corresponding HAADF intensity profiles integrated on the
height of the image, taken at the junction between the core and the shell of the nanowire at different
longitudinal positions. (e) STEM-HAADF image of one full nanowire with the four locations of the
intensity (Longitudinal lamella, sample A).

Thanks to the Z-contrast imaging conditions used for HAADF, it is possible to precisely deduce the
thickness of the Si-rich layer. In Fig. III-4 the HAADF intensity is plotted as a function of the position
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perpendicular to the shell plane. The periodicity of the crystalline layer leads in HAADF images to
oscillations, corresponding to inter-atomic distances. A drop in intensity can be clearly seen at the location
of the antisurfactant layer, as evidenced by the superposition of the picture and the corresponding intensity
profile. As can be seen on Fig. IlI-4, the thickness of the Si-rich layer seen in HAADF (with a chemical Z-
contrast) corresponds to two oscillations on the intensity profile, i.e. 2 ML across the whole length of the

nanowire.

(a) _

ingan [[scan [ can

Figure 1II-5: (a) STEM-HAADF image, (b) Inverse Fast Fourier Transform showing (0002) atomic
planes and (¢) Geometrical Phase Analysis (0002) rotation map around the GaN/SiGaN/InGaN junction

evidencing the presence of misfit partial dislocations with a (0002) Burgers vector. (Longitudinal lamella,

sample A)

The last feature encountered when analyzing the Si-rich layer is the presence of partial dislocations,
originating in or near the Si-rich layer as can be seen on the Fig. III-5 (a,b) and evidenced by GPA analysis
on the Fig. III-5 (c). This feature indicates that plastic relaxation is taking place in the material, likely
between the GaN and the InGaN.

1.2.2 EDX AND Si COMPOSITION

In recent studies, the composition of the Si-rich layer has been ascribed to different compounds,
including pure Si adlayers', SiNy* and SiGa.N,'?. In addition to the crystallographic structure, it is hence
critical to characterize the chemical properties of the layer to confirm its nature. Because the
characterization tool used in this work allows us to realize EDX mappings with a resolution on the order

of the atomic scale, a study of the layer composition was conducted.
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Figure 111-6: (a) STEM-HAADF image, (b) EDX intensity mapping for In/Ga/Si elements and (c) EDX
intensity mapping for N around the Si-rich layer, (d) Intensity profile of the mapping presented in (b).

(Transversal lamella, sample A)

The EDX mappings and EDX intensity profiles in Fig. I1I-6 clearly show the presence of Si in the
layer and reveal In diffusion into the Si-rich layer and the GaN core. The quantity of N in the nanowire is
not modified in the Si-rich layer (Fig. 111-6(c)).

Fig. I11-6(d) shows the intensity profile of the EDX signal taken from the chemical map (Fig. I11-6(b)).
Expected features can be noticed, such as an increase of In composition in the quantum well and the
presence of a Si rich layer, with a decrease of the Ga signal in the same layer. However, the signal associated
to the Si is detected over a length of 2 nm, which is significantly larger than the Si-rich layer thickness
measured from HAADF image intensity (Fig. III-4). This can be explained by the method used to realize
the mapping, which uses a convergent beam, which enhances the area of detection and creates a significant
overlap between the EDX signals of different regions. However, it is possible to correct this uncertainty by
integrating the Si signal and calculating the equivalent intensity for a signal circumscribed on 2ML only.
Doing this with data obtained at different points on the nanowire, allowed to get the following mean
composition values (considering only the atoms on the cationic sites). The calculation is presented in
Annex B .

Longitudinal

Transversal

0,42 0,58 I
0,35 0,65 0,32 0,68

0,34 0,66 0,24 0,76

0,36 0,64 0,28 0,72 |
0,37 0,63 |

Table I1I-1: Cationic composition measured in the longitudinal and transveral lamellas (sample A).

Table III-1 show the values obtained when accounting for beam convergence in the sample, for 4
locations in the longitudinal and 2 locations in the transversal samples. A higher deviation of the values
can be observed in the transversal samples. This can be caused by the tapering of the nanowire, which
does not allow to have a perfect alignment of the layers on the sidewalls with the zone axis and introduces

some uncertainties.
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The results presented in Table III-1 suggest that the Si-rich layer grown on the sidewalls of GaN
nanowires is a SiGaN layer, with a cationic composition of Si around 1/3, while the additional 2/3 of

cationic sites are occupied by Ga.

Fig. I1I-6 shows that some amount of In has been able to diffuse through the SiGaN layer inside the
GaN core, which suggests that the In might interact with it and modify its chemical nature. Hence, it was
chosen to also investigate a core-only structure in order to avoid any interaction with In and to have a
better description of the antisurfactant layer before any epilayer growth (Sample B). TEM observations

and EDX mappings were hence done on a transversal lamella of sample B and are presented in Fig. III-7.

200 nm 200.nm

Figure I11-7: STEM-HAADF image (a) and corresponding EDX mapping (b) for Si/Ga elements and (c)
O of a transversal lamella of a core n-GaN nanowire. High magnification STEM-HAADF picture of the

surface of the nanowire. (Transversal lamella, sample B)

The measurements presented in Fig. III-7 evidence the presence of a Si-rich layer on the sides of the
nanowires, as expected (Fig. ITII-7(b)). However, this layer also contains significant amounts of oxygen
(Fig. 111-7(c)), which was unforeseen here: indeed, the reaction is carried out in an MOCVD reactor, within
a hydrogen-rich atmosphere and using oxygen free reactants only. Moreover, high resolution pictures of
the junction do not show a crystalline highly ordered Si-rich layer (Fig. IT1I-7(d)) as observed in the last
paragraph (Fig. III-2), which can be partly explained by the location of the layer. Indeed, being on the
surface of the nanowire, the layer is both more difficult to image accurately, but also more prone to be
damaged by the FIB preparation, which means that no conclusion can be drawn on this result. We suspect
that this oxygen contamination occurred after the growth, either by the surrounding air or during the FIB

preparation.

1.3 SiGaN SELF-LIMITING SUPERSTRUCTURES

1.3.1 EVIDENCE OF VACANCIES IN THE SiGaN

From the data presented in the previous paragraphs, the Si-rich antisurfactant layer has been identified
as crystalline, and with a Siyp3Gao 7Ny composition. A material with similar composition has already been
described in the literature by Markurt et al. **, who concluded on the presence of vacancies in the structure

of the material. This motivated a further investigation on the presence of vacancies in this work.
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Figure III-8: Profile of the sum of the EDX signal intensities of Ga, In and Si across the SiGaNy layer.

(Transverse lamella, sample A)

The integrated EDX signal for the cationic species is presented in Fig. I1I-8. A 30% decrease of the
signal can be noted in the SiGaN layer with respect to the same signal obtained in the GaN core and
InGaN shell layers. As explained previously, precise EDX measurements are realized using a convergent
beam, which means that the signal at each location is overlapped with the neighboring material. In this
case, it means that the intensity of the signal in the SiGaN layer is overestimated due to the presence of
neighboring materials with higher overall EDX signal for cationic species. While some variation is expected
to occur from one atomic species to another due to varying sensitivity of EDX, the experiment was here
carried out using peaks located in a low energy range, excluding drastic sensitivities differences for In, Ga
and Si. Hence, the observed decrease is a strong indication of a lower concentration of the studied atoms.
The nitrogen signal has not been observed to significantly vary at this location, and no other atomic species
has been identified. The only possible explanation to this lowered count could be the presence of high
densities of cationic vacancies in the material. To confirm this hypothesis, it is possible to model the EDX
signal intensity as a function of surface atom density, as is presented in Annex C. Doing so, and comparing
the surface atom density in the GaN and the SiGaN reveals a significant drop at the location of the

junction, which proves that a significant amount of cationic vacancies is present in the SiGaN.
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Figure I11-9: (a) STEM-HAADF picture of a transversal TEM slice of sample A, and corresponding
Geometrical Phase Analysis strain maps along the [1120] (b) and [1010] (c) directions. (d) relative

deformation profile taken from (c)

The inter-reticular distance around the GaN/SiGaN/InGaN has also been studied, as presented in Fig.
ITI-9. As expected, the inter-reticular distance differs in the GaN and the InGaN but, more importantly, a
10% contraction is visible at the location of the SiGaN layer along < 1010 > direction. This contraction
has been measured in several points of the layer and varies between 7 and 12%. As stated previously and
observed in Fig. I1I-9(a), the SiGaN layer is coherent with GaN along that direction. This deformation
could be thus caused by an elastic relaxation of the SiGaN in order to be pseudomorphic with the GaN or,
more simply, by the fact that the {1010} inter-reticular distances of SiGaN are smaller than those of GaN.
However, the inter-reticular distance along the [1120] direction does not feature this contraction (Fig. I1I-
9(b)), which would be expected if the deformation wascaused by lattice mismatch. The large difference in
inter-reticular distances in SiGaN compared to GaN can also be related to the presence of vacancies at the
cation positions. Therefore, this observation further strengthens the hypothesis of a high presence of

vacancies in the SiGaN.

1.3.2 SUPERSTRUCTURED Si-Ga-Vca-N AND ANTISURFACTANT PROPERTIES

In the previous paragraphs, the structural and chemical properties of the SiGaN layer have been

measured, allowing to draw several conclusions. The main results are the following:

- The layer has a SiGaN composition with a 1:2 Si to Ga ratio.
- The WZ crystallinity of the system is maintained through the layer.
- The thickness of the layer is constant and limited to 2 ML.

- Measurements done on the layer are consistent with the presence of vacancies.
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- When exposed to air, the SiGaN layer gets oxidized to a SiGaOx compound.

Some of these properties are in contradiction with results that can be found in the literature. First, it
cannot be a crystalline or amorphous SiNy compound. Indeed, the two known crystal structures of Si;Ny

1516 We have shown however that

are triclinic pedial (C1 group) and hexagonal dipyramidal (C6h group)
the SiGaN layer is crystalline and follows a WZ structure. Second, in the present study, the concentration
of Si to Ga has been measured throughout the nanowire, and no significant concentration change has been
noted on the whole length of the nanowire. This result is significant because the gradient in Ga
concentration and in the layer thickness are often the hypotheses introduced to explain the uncomplete
coverage of the nanowire "*'*!72! Similarly to the composition, the SiGaN layer thickness is also constant.
Third, the study reported by Hartmann et al.! was carried on an uncovered core with significant amounts

of oxygen, which is consistent with our observations on sample B and the oxidation hypothesis.

Moreover, we could evidence the anti-surfactant properties of this SiGaN layer. Indeed, in the process
used to grow this sample, the core growth is followed by the deposition of a GaN spacer, with the aim of
covering the sidewalls of the nanowire. However, it can be clearly seen in Fig. III-6 that this GaN spacer
is absent, the first layer grown on the SiGaN is InGaN. This could be explained by the fact that the GaN
spacer is grown at a setpoint of 1175°C, while the InGaN is grown at a lower setpoint of 850°C. This
behavior shows that growth on the layer can only occur in thermodynamic conditions highly unfavorable

for adatom desorption (i.e at low temperature), which is consistent with the properties of a mask.

At this point, it is important to mention that compounds with similar characteristics and properties
have already been reported on planar structures. In the case of c-plane GaN, Markurt et al.'* noticed that
exposing a GaN surface to a silane flux for a few minutes led to the covering of the surface with a SiGaN
layer, owing to the formation of a dielectric layer with the properties of a mask. This layer presents some
unusual properties: instead of forming an amorphous structure, the covering of GaN by this layer leads to

the formation of a 2D superstructure, with a high 1D order and the formula Si-Ga-v.-Ns.

(d) ;

@ca oN ¢ S Ga vV,

Figure II1-10: High order commensurate superstructure formed by the passivation of GaN by Si in an
MOCYVD reactor observed in HR-TEM (projection along the m-direction) (a), and model seen by a
projection onto the c-plane (b),the a-plane (c), and the m-plane (d) (from ref ')

This layer also has the particularity of being one GaN ML thick and with a wurtzite structure. As
seen in fig. III-10(d), the compound organize itself in repeating pattern rows of Si, Ga, and gallium
vacancies vg, respectively in a [1010] projection. Using Density Functional Theory calculations on the
structure, the authors found that the growth of a GaN monolayer on the superstructure leads to a charge
transfer between the cation dangling bonds on the surface and the acceptors state (Ga vacancies, Vea) in

the SiGaN layer, causing the formation of a charged dipole. The dipole moment is then increased for each
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additional overlayer of GaN on the material, which is thermodynamically unfavorable. Hence, the authors
concluded that in this case, the SiGaN acts as a perfect mask. GaN deposition may only proceed through
lateral overgrowth from a nucleus grown in an opening in that mask. Similar superstructures have been
obtained in the case of AIN* leading to an AISiN compound exhibiting a high order commensurate
superstructure too. However, in this later case, this structure may be several ML thick. Interestingly, ref
2 also observes a contraction of the lattice in the AISIN, which, although relatively smaller, leads the

authors to hypothesize that it is linked to the presence of vacancies.

<1100 > &

P

Figure III-11: Configuration of the SiGaN; described by Markurt et al. ' superimposed on the studied
SiGaNy in this PhD, showing the < 1100 > axis needed to image the superorder of the layer. The 1, 2 and

3 numbers represent a Si atom, a Ga atom and a Vg, respectively.

Despite these numerous similarities, a direct imaging of the structure would be required to prove that
the SiGaN layer in GaN nanowires corresponds to the superstructure material described on c-plane GaN.
Indeed, while the crystalline structure and the Ga to Si composition are similar, one of the distinctive
features of the c-plane SiGaNy is the presence of gallium vacancies as well as their ordered positioning in
the superstructure. However, in our case, imaging such an ordered structure is not possible because of
crystallographic considerations. Fig. III-11 shows the GaN/SiGaN/InGaN junction, with the SiGaN
replaced by the compound described in ref!’. In order to observe the vacancies in this configuration, the
zone axis needs to pass only through vacant sites. As seen in Fig. III-11, this can only be done by choosing
a < 1100 > zone axis. However, in the case of the m-plane SiGaN, the layer is only 2ML thick in this
direction, which means that the signal would be dominated by the material in the front and back of the
layer. While some differences have been noted between the reported c-plane SiGaN and the currently
studied m-plane SiGaN, none of the observations made currently have allowed to image the vacancies. If
they are present, it is probably caused by a combination of restricted suitable zone axis, and the screening
by additional materials such as GaN and InGaN in the sample. However, the Si to Ga ratio, crystalline

structure, self-limiting and mask properties of the layer, along with data consistent with the presence of a
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significant amount of vacancies, strongly point toward a material with similar properties as described in

ref' and ref®%.

2. Si-RICH GROWTH MARKERS

2.1 ORIGIN

During the TEM observation of the samples presented in this chapter, one interesting feature was
noticed. This feature is the presence of periodic growth “markers” in the core structure, that were first
observed in ADF pictures (Fig. ITI-12(a)). Further studies by EDX revealed that these markers contain a
higher proportion of Si than the surrounding GaN (Fig. III-12(b)). While Si is expected to incorporate into
the core structure and provide a strong n-doping of the GaN, owing to the strong Silane flux a periodic
variation of its content in the structure is surprisingly observed. The growth of sample observed here is
described in 2.2.

Shell

+«—— SiGaN

core

(0001)

R

Figure I11-12: (a) ADF and (b) Si-EDX mapping of a nanowire at the junction between the core and the
shell (Longitudinal lamella, sample A)

These markers can be seen along the whole length of the nanowire, as observed in a longitudinal
lamella performed along the nanowire, which is shown in the Fig. III-13. A decreasing spatial period is
observed when going toward the top of the nanowire. The markers follow the semi-polar planes typically

present at the top part of the nanowire.
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Figure I11-13: ADF picture at the bottom (a) and top (b) of the nanowire featuring growth markers

(contrast enhanced) (Longitudinal lamella, sample A).

However, these markers were always seen on samples grown in a same reactor, namely the Thomas
Swann 6x2”. To see if this mechanism was representative of the process, it was chosen to search for similar
growth markers in samples grown in another reactor (namely, an Aixtron 7x2”) with comparable growth
conditions (in particular the doping concentration). The HAADF and EDX study of such samples did not

feature any growth markers, as shown in the Fig. III-15, showing that this phenomenon is reactor related.

Figure III-15: (a) STEM ADF longitudinal image of a core nanowire grown in the Aixtron 7x2” reactor
under Si-rich conditions, (b) high magnification HAADF image of the surface of the sample and (c)
corresponding EDX intensity mapping for Ga and Si.

Observing the evolution of TMGa partial pressure in Thomas Swann reactor for another nanowire
growth allowed to give an explanation to this observation: the partial pressure is oscillating in a periodic
way. While the exact explanation of this variation is unkown yet, the oscillation period was measured from

Fig. ITI-16 and was found to be about 13 seconds. In the case of the sample A presented previously, the
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growth time was 3000 seconds, and 224 accounted markers were estimated on the whole length of the

nanowire, so the marker period is around 13 sec, which matches perfectly the TMGa partial pressure
variation.
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Figure III-16: (a) TMGa partial pressure and (b) TMGa flow in the Thomas Swann reactor used for
nanowire elaboration during n-GaN core growth

2.2 GROWTH MECHANISM OF GaN NANOWIRES

Once the origin of the markers is identified, we use the marker periodicity to study the evolution of

the core growth. Hence, several important features occurring during growth have been observed, allowing
to get a precise description of the growth mechanism.

2.2.1

GaN PLANES AND SiGaN FORMATION

First, the markers follow semi-polar (1011) GaN planes from the beginning of the growth. This can
be seen in Fig. III-17, at the base of a nanowire of sample B, consisting only in the n-GaN core. It can
hence be concluded that the nanowires feature top semi-polar planes during the whole growth, even in
early stages, as evidenced by the first marker. Despite the high amount of Hs during the growth (Hz/N,
ratio was kept at 3) we thus do not observe any passivation phenomena due to a hydrogen adlayer as it

has been previously suggested by Li et al*® on semi-polar planes of Ga-polar GaN. A difference between
this study and the work of Li et al.* is the use of Silane*** which suggests that the presence of SiH,
influences the chemistry of the surfaces and could promote r-plane growth despite hydrogen-rich conditions.
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Figure 1II-17: ADF picture of the growth markers at the bottom of an n-GaN core nanowire
(Longitudinal lamella, sample B)

The second feature revealed by the growth markers is the presence of growth on the sidewalls. This is
especially true in early stages, where m-plane makers can also be seen (Fig. ITI-18(a)), contrary to what is
usually seen on the upper parts of the nanowire (Fig. III-18(b)). In later stages (Fig. III-18(b)), m-plane
growth still slowly occurs, but through atomic steps on the GaN m-planes. Here, the nucleation of step
seems to be simultaneous with the nucleation of markers, which points to a common origin. However,
tapering of the nanowire is a common observation for nanowires grown under similar conditions. Hence,
the steps are assumed to not originate from partial pressure variations and have not been the object of
further investigation. Last, Fig. T1I-18(c) presents an HAADF pictures of markers on m-plane and r-plane,

and the similar contrast suggests that their Si-composition is similar.
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Figure 111-18: ADF pictures zoomed in the sidewall of the nanowire at the bottom (a) and in the middle
(b) of the nanowire, and (¢) HAADF pictures of the sidewalls at the bottom of the nanowire. (longitudinal

lamella, sample B)

In order to study the Si composition in the markers, an EDX investigation has been conducted on the
surface of the nanowires and is presented in Fig. I11-19. The profile presented in Fig. 11I-19(a) clearly shows
at the core surface a peak for Si and O corresponding to the oxidized SiGaN layer. At 35 nm from the
sidewall surface, 3 peaks of Si concentration are seen, and correspond to the position of markers in the
HAADF mapping (Fig I1I-19(a)). The relative intensities for the markers reveal that the concentration of
Si is significant, but lower than in the SiGaN. Because the EDX spectrum in Fig. 19(c) results from an
integration of the signal on the whole width of the rectangle in Fig.19(n), the semi-polar marker is not
visible on the spectrum. However, the Z-contrast image in Fig. I1I-18(a) suggests that the Si concentration
is the same for both the semi-polar and non-polar markers. This further emphasizes the difference between
the markers and the SiGaN, as the SiGaN has a Si composition significantly higher than the markers (Fig
III-12, Fig. ITI-19). Moreover, the makers do not show antisurfactant properties, proving again that the Si-

rich markers and the SiGaN are two materials with different structural and chemical properties.
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Figure I11-19: (a) HAADF and (b) EDX intensity mapping of a wire of sample B. (¢) EDX intensity profile

for Si and O taken on the full width of the red rectangle the area seen in (c¢) (Longitudinal lamella, sample

B).
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While the growth of the markers is not related to the one of SiGaN, it holds key information to its
formation. Indeed, in the first stages, the markers evidence the occurrence of lateral growth, as showed in
Fig. I1I-17. The EDX profile in Fig. III-19 also reveals that the Si concentration also stays constant in the

nanowire, apart from the growth markers.

From these measurements, we conclude that the Si-rich markers and SiGaN layer have different origins.
We can thus propose the following successive growth steps: in initial stages, the vertical growth is a result
of the growth conditions, such as it is the case in Si-free growth. The m-planes of the nuclei are not yet
covered by a SiGaN layer, and lateral growth takes place. In this initial stage, the Si accumulates on the
sidewalls of the nanowires. This is supported by the absence of a Si concentration gradient in Fig.III-19
(¢), which means that during the lateral growth-phase, the accumulated Si stays as an adlayer, and does
not get incorporated in the crystal. When a critical surface concentration (corresponding to the
concentration of Si in SiGaN) is reached, the adlayers organize into 2ML of SiGaN. At this stage, the
lateral growth is stopped by the SiGaN, and the growth proceeds fully vertically. For the rest of growth,
the SiGaN is produced in steady state by gradual accumulation of Si adatoms on the GaN sidewalls, and
crystallization into SiGaN when enough adatoms are accumulated. From this point on, sidewall growth
will stop, and the widening of the nanowire occurs solely through the formation of steps on the sidewalls.

This process is described in Fig. 111-20.

Si markers Atomic

step

\
N (O

A last interesting point revealed by these markers is that they question the hypothesis of the GaN

SiGaN

Si addlayer

~a A A A

Figure III-20: Model of crystallization of the SiGaN layer.

droplet proposed by Tessarek et al’. In this model, Ga does not readily react as an adatom, but rather
accumulates as a droplet on the top of the nanowire, that reacts with upcoming nitrogen and silicon.
However, if this was the case, the Ga accumulation would be expected to act as a pool and deliver the
Gallium in steady state, especially since the Ga variation is small in regard to the value of the partial
pressure. In that case, the variation of the partial pressure of TMGa would have little effect on the Ga

supply in the solid material, and one would not expect to see such features.

2.2.2 GROWTH RATE

The growth rate, as well as its variations, can reveal the driving force of the growth. In this manuscript
it has been pointed out several times that the growth is driven mainly by diffusion. Along the studies
supporting this model, some have already carried experiments showing the size of the nanowires as a

1226 Tn order to do so, the authors of these reports studied the size of the nanowires

function of growth time
after different growth times and measured their size with electron microscopy. This method carries the
advantage of being simple in terms of characterization, but it also comes at the price of having to grow a
sample for each point. In the present case, thanks to the presence of the Si markers, we have access to 216

points over a growth time of 3000 seconds, allowing to get a more precise curve of the growth profile of
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the nanowire (sample B). In Fig. III-21(a), the height of each marker measured in the center of the nanowire
has been plotted relative to the iteration of the marker from bottom to top of the nanowires. Note that
the graph is expressed in number of markers (or steps), and not in a unit of time. This graph is compared

to a similar study made by Hartmann et al.', as a similar behavior can be observed.
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Figure I11-21: (a) Height along the nanowire (sample B) as a function of the number of markers grown,
N, measured in this work. The red and blue curves are linear fits of beginning and end of growth. The
purple dashed line marks the transition between mask adsorption dominating regime and sidewall
adsorption dominating regime. (b) evolution of height and diameter of nanowires reported in ref ' showing

a similar trend

While the curve is not expressed as a function of time, it can be compared to ref !, in which the authors
provide an explanation to this curve and separate it in three stages. These three stages are described in

the following paragraphs and schematized in Fig. I11-22.

- Stage I: In the first stage of the growth, the main source of atom is the diffusion from adatoms
adsorbed on the SiNy mask (Jsug). This mechanism leads first to a high vertical growth rate due
to the large area of the mask in contact with the adatoms.

- Stage II: After some time, the growth process starts being limited by the diffusion length of the
adatoms from the mask on the sidewall, Agy, hence another source of adatoms needs to take over
in order for the nanowire to keep growing after having grown higher than diffusion length. This
second source of adatom is the adsorption of the adatoms on the sidewalls themselves (Jsw).
Indeed, while the area of the sidewalls is limited in early stages, it becomes progressively larger as
the growth proceed, which means that they adsorb increasingly more atoms.

- Stage III: Once the nanowire has exceeded adatom diffusion length Agy, the sidewall diffusion Jsw
becomes the only contribution, and the overall growth rate becomes constant. Indeed, the adatoms
collected at the bottom of the sidewalls will progressively be unable to diffuse to the top of the

nanowires, and only the adatoms collected within a distance of Agy from the top.
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Figure I11-22: Scheme representing the three stages of nanowire growth according to ref.

The data obtained from the markers (Fig. 11I-21(a)) show a similar trend. However, because of the
higher number of data points, some precision can be brought to the overall model. In our experiment, the
initial stage of growth follows a linear rate, which is consistent with the presence of a single contribution
from the mask Jsus. This linear contribution is fitted by the red curve in Fig. I1I-21(a), which is estimated
to correspond to a growth rate of 12.2 pm/h using the period between each marker. However, contrarily
to what is suggested in Fig. III-21(b), the transition between this regime and Jsw dominated regime is
gradual, and in the case of the studied nanowire, occurs between 1 and 5 pm. This can be explained by
the fact that Jsw starts contributing as soon as m-plane sidewalls are formed and increases continuously
as they grow. On the other hand, Jsus decreases continuously as the nanowire grows, until its length
exceeds adatom diffusion on the sidewalls, at which point Jsw becomes the only significant contribution.
In Fig. I1I-21(a), the growth becomes linear again at this stage, as seen by the fit with the blue curve,
corresponding to a 4.1 um/h growth rate. Following a similar method as used in ref?, we can estimate Agy
as being equal to the wire’s length when Jsw becomes dominant, which occurs here at 3 pm. Indeed, while
some species are still coming from the mask, Jsup becoming the minor contribution means that the

nanowire’s length exceeded the mean free path of the adatoms.

This model ignores the presence of a third contribution, which is the contribution from the top semi-
polar planes. This approximation however makes sense because it is typically negligible when compared to
either Jsw or Jsus depending on the growth stage (because of the limited size of the top facets compared
to the sidewalls and the mask) and does not dramatically change during the growth, as the area of the top
facets only slowly increases. This model does not consider the widening of the nanowire during growth
either, which is again negligible considering the nanowire length itself. In both Fig. IT1I-21(a) and Fig. I1I-
21(b), the collection from the mask is higher than the one from the sidewalls, as the growth rate is higher

in the Jsup regime than in the Jsw regime.

Because the markers allow to have a complete view on the evolution of the geometry of the nanowires,
it is possible to know the deposited volume between two markers. This measurement is useful as it allows
to understand the variation of incorporated species during the growth. This is especially useful to link the
data obtained when studying the length to early stages and build a complete model for nanowire growth.

To do so, the following calculations and assumptions are made:
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Considering the surface of a marker as the lateral surface of a regular hexagonal pyramid, we can

calculate its area A as (Annex D) :

A = cos(0) -?-Dz 3.1)

With A the area, 8 the angle between the markers and the c-plane (which is assumed to be
constant), and D the diameter of the core. From here, considering a difference in height dx between one

marker and the following along the <0001> direction, we can conclude that:
dV=A-dxx D?-dx (3.2)

Since dV is proportional to D? - dx, the constants implied in (3.1) are going to be ignored in the
following paragraphs. To represent dV, Fig. I1I-23 plots the variation of D? - dx as a function of deposited

markers:

SiGaN crystallization

dv (a.u.)

) 1 . 1
0 100 200

number of markers

Figure 111-23: Evolution of the volume between two markers as a function of the number of markers
(two separate nanowires of sample A). The colors outline the three different regimes described in the last

paragraph.

The growth proceeds as follow: In very initial stages, the growth of the nucleus occurs without SiGaN,
which is characterized by both vertical and lateral growth, which is why dV increases strongly in early
stages. At the 17" marker, the SiGaN layer crystallizes (Fig. 111-17, Fig. 111-20), and the dV increase less
rapidly, meaning that the SiGaN crystallization is an inflexion point. This can be explained by the almost
complete suppression of lateral growth due to antisurfactant effects. Shortly after, dV reaches its maximum,

which signifies the beginning of the transition phase toward Jsw dominated growth: In Fig. III-18, the
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maximum in dV corresponds to the point where the height curve (Fig. 11I-21) starts to move away from
the initial linear Jsup regime. Indeed, as the nanowire grows, the area on the mask responsible for the
collection of the adatom that will diffuse to the top of the nanowires decreases. Hence, the growth
mechanism transitions toward sidewall adsorption driven growth. At one point, dV gets constant, as the
nanowire exceeds the diffusion length, and growth occurs only with species adsorbed on the sidewalls
within one diffusion length from the top, which corresponds to stage III (region in orange). As explained
previously, the growth relies on only one contribution, which is characterized by a constant incorporated

volume.

3. CONCLUSION

In this chapter, a complete investigation of the SiGaN layer has been provided. This investigation
aimed to discover the chemical composition and crystallographic configuration of the layer. The obtained
results suggest that more than a simple antisurfactant layer, this compound is a structured material with
unusual properties, such as its self-limiting thickness. Furthermore, the presence of growth markers in the
core, presumably caused by a TMGa partial pressure variation, has been used to gain insight on the growth
mechanism and evolution, preferential planes of growth, nanowire growth in early stages and driving force
behind the growth. While this information proved critical for the precise understanding of the core growth,
it also conveys a critical question: while the mask properties of the SiGaN are critical for core growth,
what are their impact on shell growt. In the next chapter, this question will be addressed, and additional

processes aimed at growing a good quality shell on the nanowire core will be presented.
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Chapter 4:

Toward fully emissive core-shell nanowire structures
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In the last chapter we studied the properties of the SiGaN layer, and how it leads to a
highly anisotropic vertical growth. Among these properties, the layer was described as a perfect mask,
which prevents any lateral growths on the core. While this is a key factor for vertical growth, it also means

that the subsequent growth of a shell on the SiGaN is expected to be a challenging process. In this chapter

123



we provide a description of the negative effects of the presence of the SiGaN layer on the growth of core-

shell heterostructures, as well as the methods that may be used to solve this issue.

1. SiGaN AND SHELL GROWTH

1.1 EFFECTS OF THE SiGaN LAYER ON THE SHELL GROWTH

In this section we will explain in detail how this layer affects the coverage and properties of the shell
active layer. Fig. TV-1 shows STEM-HAADF pictures of sample A studied in Chapter 3, with a low
magnification image (Fig. IV-1(a)), which gives an overview of the sample, and a higher magnification
image (Fig. [V-1(b)), which shows the core and the shell in the lower part of the sample. In this region,
the shell growth on the SiGaN layer is clearly discontinuous. Fig. TV-1(c) shows a transversal slice of the
sample taken near the top of the nanowire and features white lines and dark spots that are consistent with

structural defects and voids respectively.

GaN core

GaN core
B s e

Figure IV-1: STEM-HAADF pictures of the GaN nanowire (longitudinal lamella) with shell growth at
low (a) and (b) high magnification at the bottom of the nanowire, showing the discontinuity of the shell
grown on a SiGaN covered core. (¢) STEM-HAADF picture of the same sample (transversal lamella)

near the top of the nanowire.

In the previous chapter we have studied the anti-surfactant properties of the SiGaN and concluded
that this layer plays the role of a mask. However, this conclusion is incompatible with the growth of a
subsequent shell, which has been observed both in this work (previous chapter) and in the literature'”.
Several hypotheses can explain the growth of the shell heterostructure on the masked core. The first
hypothesis is that the SiGaN layer may vary in thickness and composition from the top to the bottom of
the nanowire because of a longer exposition time of the bottom to the growth conditions'. This hypothesis
supported by Hartman et al.! is however inconsistent with the results presented in chapter 3, as we observed
a constant thickness and no significant composition fluctuation. The second hypothesis could be that the
growth of the shell on such layer proceeds from top of the nanowire to bottom. The third possible
hypothesis is that the growth of the shell might be possible under thermodynamical conditions unfavorable
for adatom desorption. Indeed, in chapter 3, the observation was made that the first layer able to grow on

the SiGaN was the InGaN QW, which was explained by the low temperature used for InGaN growth.
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Kapoor et al.® reported the successful growth of a GaN spacer on the SiGaN done at a temperature of
900°C, which is a low temperature for MOCVD GaN. However, the impact of the Si-rich layer on the
coverage of the InGaN quantum wells has been reported several times as detrimental *® and even used by
some authors to their advantage. For example, Puchtler et al’® used the local higher In composition
variation in the active layer indirectly caused by the SiGaN dielectric layer to create quantum dots. Fig.
IV-1 shows the morphology of the shell of sample A presented in chapter 3 at the bottom of the nanowire.
Contrarily to the top of the nanowire (Fig. IV-1{c)), the bottom of the shell is very thin and discontinuous,

and it is not possible to easily distinguish the InGaN QWs and the GaN spacers.
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Figure IV-2: TEM images of an InGaN MQW grown directly on the SiGaN layer (a, b) along the ¢ zone

axis, and grown subsequently to a GaN spacer (¢, d) along the [10-10] zone axe.?

Another issue caused directly by the presence of the SiGaN between layers is the presence of structural
defects in the active layer (Fig. IV-1(c)). Koester et al.” first described the presence of white threading
defects attributed to stacking faults in core-shell structures originating from the junction between the core
and the shell which could be due to the presence of the SiGaN layer. The explanation provided by the
authors in this study can be related to the strain relaxation of the InGaN layers, like is observed on planar
LEDs® . This observation was later reported in other studies from the same group® (as shown in the Fig.
IV-2). However, the growth of a first GaN spacer on the SiGaN before subsequent quantum well growth
dramatically reduces the amount of stacking faults in the active layer (Fig. IV-2 (c¢) and (d)), suggesting
that the stacking faults are rather created by the interaction between the InGaN and the SiGaN layer?®. In
some more extreme cases, the impact of the SiGaN layer on the shell is more pronounced: indeed, some
reports on the growth of core-shell devices shows a rough and uneven morphology at the bottom of the
shell", which could be caused by the coalescence of large nuclei formed by a small density of nucleation

at the bottom of the nanowire. This part of the shell is usually expected to be optically inactive because
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of a high density of structural defects, or because the inhomogeneities may even keep quantum wells from
forming continuous layers. In some other cases, holes in the quantum wells are observed, and they may be
observed directly in contact with the SiGaN (Fig. IV-2 (a)), or internally in the shell (dark spots in Fig.
[I-2 of Chapter III).

Last, the presence of this SiGaN layer is expected to have detrimental effects on the electrical injection.
Indeed, although its electronic properties have not been measured, we can suspect that the SiGaN layer
has an insulating behavior like SiNy material. This is particularly an issue in the present case because the
SiGaN is located between the n-GaN and the quantum wells. This effect, combined with a limited coverage
of active quantum wells, can lead to a higher carrier density in the quantum wells through a reduction of
current cross-section, which could be responsible for additional droop in the device, or red shifting of the
signal through the heating of the system. It should however be noted that this electrical insulation can
also be used in some specific cases. For example, ref * describes how a dielectric layer can intentionally be

used, for example to isolate the n-GalN core and p-GaNN shell layers in the heterostructures.

1.2 EXISTING STRATEGIES

In the last paragraphs we went over some of the issues caused by the SiGaN on the shell intended to
become the emitting active region of the nanowire LEDs, which can annihilate some of the theoretical
advantages of core-shell nanowires. Indeed, in Chapter I we raised the argument that one of the advantages
of the nanowires is an increase of the emissive area as compared to planar devices. This is however not
necessarily true if part of the nanowire does not emit light because of the SiGaN formed during core
growth. We also pointed out in Chapter II that the growth of high aspect ratio and long nanowires was
currently only achievable by MOCVD thanks to this SiGaN. Hence, this layer is beneficial for the growth
of the GaN core but detrimental for the subsequent shell growth and, thus, some strategies have already
been developed to limit its impact on devices. In the following paragraphs we will talk in more detail about

the solutions used to counteract this issue from literature.

1.2.1 NON-INTENTIONNALY DOPED CORE GROWTH

One first strategy is to reduce or stop the Si-flux during the core-growth. According to Kapoor et al.?,
the secondary growth phase without silane relies on the residual Si in the reactor, which leads to the
deposition of a Ga rich SiGaN layer and allows a vertical growth with limited Si incorporation. In the rest
of this manuscript, this method will be referred to as the “doped/non-intentionally-doped” or “n-nid”
methods, although the Si concentration in both the n and nid part are estimated to be well above usual

doping concentrations in planar GaN heterostructures. However, some drawbacks can still be pointed out.
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Figure IV-3: SEM images of 2 samples: core nanowires grown using a 2-steps “doped-undoped” (or n-

nid) method(a) and fully doped core nanowire growth (b)

There are two main drawbacks with this method. First, the doped-undoped (or n-nid) method usually
induces a higher density of parasitic particles, that grow uncontrollably to sizes largely exceeding the scale
of the nanowires. This parasitic growth is particularly detrimental for SAG nanowires as it disturbs the
growth but also the device processing afterward. This is for example visible in Fig. IV-3, where the density
of parasitic particles is visibly increased by the use of an n-nid growth method instead of a fully doped
method. Another drawback of this method is that there is no published demonstration that this method
improves the coverage of the nanowire as compared to a fully-doped nanowire. Tessarek et al.’ noted that
the structures obtained with the fully doped nanowires of their work and the partially doped one in the

publication of Koester et al.” are comparable, concluding that this part of the process is unnecessary.

1.2.2 (Al)GaN UNDERLAYER

The second approach used is to bury the SiGaN with another material before initiating the QWs
growth. In ref * this is done using a GaN layer grown at low temperature (900 °C), which does not
introduce any strain in the structure and has a low mismatch with the blue InGaN quantum wells that
are presented in the study. However, the growth of GaN on SiGaN is also challenging, and requires specific
conditions, such as low temperatures or pressures in this case. It should also be noted that ref * does not
feature any fully covered nanowire, and any sidewall quantum well, which makes it difficult to really assess

the impact of the spacer on the overall coverage.

Another solution could be to use AlGaN instead of GaN'*!!| as Al-containing nitrides are known to be
more “sticky” than regular GaN, and hence grow easily even on anti-surfactant surfaces, such as bulk SiNx.
This is due to the low mobility of Al adatoms'?. However, one should also consider the lattice mismatch
between the AlGaN and the GaN, which may introduce strain, or plastic relaxation in the quantum wells.

114" and this issue

In some cases, cracking has been observed on system including only AlGaN compounds
would be worsened using InGaN compounds. Hence, while this solution is an adequate strategy to optimize
the coverage of the quantum wells on the nanowire, it may come with a decrease of the overall output due

to the presence of non-radiative structural defects in the quantum wells.
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1.2.3 ETCHING

One last solution, first suggested by Deeb et al.'’ in 2015 consists in etching the SiGaN compound
using a wet etching process allowing the shell growth along the whole length of the nanowires. However,
this method also has drawbacks. First the sample needs to be taken out of the reactor between core and
shell growth, and potentially introduces cracks in the substrate (in the case of nanowires grown on a
GaN/Si template) and contaminants on the sample. Second, the etching itself may introduce extrinsic
defects in the sample or modify the surface of the nanowire by also etching the GaN. The choice of the

method used to etch the SiGaN is thus expected to impact the final properties of nanowires.

2. ETCHING OF THE SiGaN BETWEEN CORE AND SHELL GROWTH FOR FULL LATERAL

FACET EMISSIVE COVERAGE

Prior to this work, to our knowledge, no conclusive study had been performed on the impact of the
etching of the SiGaN on the subsequent shell growth. Therefore, several methods have been tested in this

thesis work, and they will be presented in the next paragraphs.

2.1 METHODS

In this part we aim to study in detail the shell properties through the removal of the SiGaN layer. To
draw clear comparison, we choose to work on a single core structure produced in a single MOCVD run on

a single wafer, so that the initial core and SiGaN layer are always the same.

The core growth has already been described in the last chapter. Three different processes have been
investigated, namely wet, dry, and thermal etching. In wet etching the sample is chemically attacked by
a solution, usually a strong acid or a strong base. The second process, dry etching, consist in using a
plasma to both physically and chemically etch the surface of the sample. Last, thermal etching relies on
the evaporation of the species at high temperature, which can be promoted by adapting the environment
inside the MOCVD chamber. We will go into more detail on the chosen processes and on the ways they
are expected to interact with the sample. Special attention will be paid to the treatments that are expected

to etch the GaN and SiGaN, since it can impact the core material quality.

2.1.1 WET ETCHING

Wet etching consists in placing the sample in a reactive solution and relying on the chemical properties
of the sample and the solution. Its main advantages are that it is usually cheap, as it relies on common
cleanroom chemicals and do not require complex equipment. Contamination is also an issue with this
method, and the cleanliness of the chemicals, the glassware, and the environment of work in general may
impact the result. Wet etching can be isotropic or anisotropic depending on the chemicals and considered

materials.

In the scope of this work, three different chemicals have been used, namely, a dilute Buffer Oxide Etch
(BOE) solution containing diluted HF acid, an HsPO, solution, and a KOH solution. The choice for these
solutions has been motivated by different reasons. In the case of BOE, this fluorinated solution is widely
used in cleanroom processes for the etching of SiO¢ and SiNy compounds, and therefore seems an
appropriate choice in the present case. H;PO,' and KOH' on the other hand have comparable properties,

in the sense that they are both able to slowly etch SiNy compounds but will also etch GaN '®, This may
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be advantageous as it may further remove surface contaminants, at the risk of degrading the surface or
introducing other defects. It should be noted that in the case of N-polar GaN, this etching is expected to
be fast and difficult to control, but nonpolar and Ga-polar surfaces are expected to be etched slowly®. The

conditions at which each etching has been carried are the following:

- BOE:H,0 — 1:80 %vol, 10 seconds at room temperature
- 45% KOH, 5 minutes at 75°C
- 85% H;PO0,, 10 minutes at 125°C

One important feature to mention is that the nanowires tend to act as capillaries. This mean that while
drying, the top of the nanowires curve under the effect of capillarity and the tip of neighboring nanowires
may stick together, as described with resist structures by Tanaka et al.*'. One method that has been found
to solve this issue, but that was not yet implemented in this chapter, is to transfer the sample directly
from the rinse water beaker to an isopropyl alcohol beaker. By doing so, the water is removed from the

substrate, and the low surface tension of isopropyl alcohol weakens the capillary effect.

2.1.2 DRY ETCHING

In dry etching, the sample is attacked by species in a plasma form. This process called reactive ion
etching (RIE) can be separated in two mechanisms. The first one is the reactive chemical attack of the
material of the sample by the ions from the plasma, which is driven by chemical potentials, and depends
hence on the ion nature in the plasma, as well as the sample processed. The second is the physical removing
of the atoms by collision with the accelerated ions from the plasma. In this case, the etching is driven by
the power transmitted to the plasma and is expected to be more efficient by using heavy atoms in the gas
phase. The user may modify both processes, using specific parameters, or gases, but in all cases this process

can be made anisotropic.

In this work, the reactor used for dry etching was an Oxford system 100 ECR-RIE apparatus using
SFEs as a gas to form the plasma. The choice of this gas was motivated by the high density of F ions in the
SFs molecule, which is expected to chemically react with silicon oxides or nitride, in the same way that a
BOE or HF solution would. The power of the plasma was kept as low as possible to maintain the plasma,
as the ion bombardment can introduce deep levels in the material, which can in some cases compensate
the doping and hence significantly impact the device performances. The etching time was also kept low,
as the etched layer is thin, and we want to avoid any unnecessary exposition of the sample to the plasma

to limit defect implantation. Hence, the parameters used for this process are the following:

- SFg 200 W power, 20 s

2.1.3 THERMAL ETCHING

The last method of etching, thermal etching, relies on the cohesive properties of the different layers
that enable the evaporation of some of the species under specific environmental conditions. The advantage
of this method is that, contrarily to the other presented processes, it can be performed in-situ in the
MOCVD reactor during the growth. This can typically be done by annealing the sample at high
temperatures, without NH; and may be assisted with the presence of a reactive gas, such as Ho. However,

this limits the options of etching gases to the ones available for MOCVD growth. The selectivity of the
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process is limited, as we expect the GaN to be etched under these conditions, as we have already mentioned

that at high enough temperature GaN evaporates in the absence of NH;.

In the scope of this work, thermal etching was carried out in the same reactor than the one used for
growth. However, in order to be able to compare with the samples etched using other methods, it was
chosen to proceed in the following way: to the sample was taken out of the reactor at the end of the core
growth, as the other samples, and subsequently reintroduced in the reactor for separately do the thermal

etching before shell growth. The thermal etching was carried out in the following conditions:

- Hsflow of 8 slm, pressure 75 Torr, setpoint 1175 °C for 15 s

2.1.4 SHELL GROWTH

Once the GaN cores were etched by the different methods presented above, all the samples were
reintroduced into the growth reactor and different shells were grown thereon. Three different structures
have been tested: One containing an InGaN single quantum well (SQW), one containing an InGaN
underlayer (UL) and a SQW (named SQW+UL) and, finally, a sample with three quantum wells, referred
to as MQW (multiple QWs). In all cases, the shell growth started by the growth of a GaN spacer at a
setpoint temperature of 1175°C and 100 Torr pressure for 100 seconds. This step helps to bury the surface
defects on the samples. The gas mix consisted in 0.13 mol.min”, 55 pmol.min' of NH; and TMGa
respectively. The quantum wells have been grown at 850°C for 360 seconds, using TMGa and TMIn fluxes
of 58 and 32 pmol.min™ respectively, using N, alone as the carrier gas, and keeping the other parameters
similar to the spacer growth. The quantum wells were systematically capped by raising the temperature
to a setpoint of 1060°C and stopping TMIn introduction. Last, on the sample with the InGaN underlayer,
this was grown at 880°C under a TMIn flux of 18 pymol.min', while keeping other parameters similar to
QW conditions. Note that the shell does not contain a p-GalN layer, as the object of this work is to
investigate by cathodoluminescence the optical properties of the shells and their modifications induced by

the prior core+SiGaN etching. The 3 shell structures are depicted in the Fig. IV-7.

2.2 SEM AND CATHODOLUMINESCENCE MEASUREMENTS

In the last paragraphs the conditions used for the etching of the SiGaN layers as well as for the shell
growth were explained. In the next paragraphs we will observe the effects of the etching on the subsequent

quantum well (QW) growth thanks to structural and optical characterization.

2.2.1 SINGLE QUANTUM WELL AND FIRSTHAND RESULTS

To assess the impact of each treatment, we have chosen samples with a thin shell and only one QW,
where the impact should be stronger than in the case of a multi QWSs structure, where potentially only the
first QW could be affected.

First, the samples were observed by SEM after each treatment prior to shell growth, and after shell

growth to see the impact on the nanowire morphology. The SEM images are presented in Fig. IV-4.
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Without SiGaN removal | With SiGaN removal
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Figure 1V-4: Tilted (25°) SEM images of the samples after treatment (a-f) and after shell growth (g-h).

(from ref %).

By looking first at the images taken after treatment, two trends can be noticed. First, Fig. IV-4
(a) (reference sample), (b) and (e) show very similar morphologies. This is not surprising, as the treatments
used in Fig. IV-4 (b) and (e), namely SFg dry etching and BOE wet etching, are not expected to have any
impact on the GaN itself. The nanowires treated by BOE appear thinner than the reference, which has
been attributed to inhomogeneities of the initial core diameter prior to etching. On the other hand, the
samples in Fig. IV-4 (c), (d) and (f) all show evidence of etching of the GaN core itself. In the case of the
Hs;PO,, it can be witnessed by a smoothing of the junctions between the lateral non-polar facets and the
top semi-polar facet, particularly at the top of the samples. This behavior is consistent with the literature,
as it has been reported that the etching of GaN occurred preferentially on the semipolar planes of GaN
rather than non-polar®. In the case of the thermal etching, the behavior suggests an etching of the structure
from the top. Zooming on the sample revealed that the core of the sample seemed to be etched
preferentially, leaving a layer on the sidewalls (Fig. IV-5). This could be an indicator that under these

conditions, thermal etching preferentially attacks the GaN over the SiGaN (even if the visible layer on the
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picture cannot be only SiGaN, as it was previously shown that it is 2ML thick and hence cannot be resolved

with a SEM). This method is therefore not appropriate.

Figure 1V-5: SEM images of GaN doped core structure after H> thermal annealing at low magnification
(a) and high magnification (b) (from ref *).

The observation of the samples after shell growth (Fig. IV-4 (g-1)) by SEM gives already some
indications about the effective etching of the SiGaN layer. As expected, the growth on the reference sample
leads to rough sidewalls after the shell growth related to the presence of SiGaN layer. Fig. IV-4 (f and 1)
shows that the H, treatment does not impact the sidewalls (as evidenced by the rough sidewalls after shell
growth in Fig. IV-4 (1), which are associated to the nucleation on the SiGaN layer), however the top
surface is etched away. The subsequent shell growth leads to the nucleation of pyramidal structures at the
top of the nanowire. Likewise, Fig. IV-4 (j) and (k) show that both KOH and BOE feature some roughness
on the sidewalls after shell growth, even if it is less evident than on the reference, suggesting that these
treatments failed at fully etching the SiGaN. Interestingly, the KOH also features a match head shape
structure at the top of the nanowire, which itself seems to be smooth. Last, both the H;PO4 and the SF;
(Fig. IV-4 (h) and (i)) feature smooth sidewalls from top to bottom, suggesting that the treatment has

been successful in allowing the growth of a high-quality shell.

In order to confirm these results, cathodoluminescence has been performed on these samples. Using
hyperspectral mapping, one can track the intensity as well as the exact emission wavelength for each
contribution. Measurements have been performed at 5kV, with a probe current of 5.4nA, and are presented
in Fig. IV-6.

Looking at the spectrum for each sample it is possible to see 4 major contributions, marked by a black
line on the graph. The first one is the GaN band edge, located around 360 nm. Second, one can notice two
peaks, located around 400 and 450 nm, which we attribute to QW emission from different planes (see
later). Last, the peak near 550 nm is expected to correspond to the yellow band in GaN. The main
observations are first that the signal at 400nm is only present for the H3PO4, SF6 and KOH samples.
Second, all samples including the reference one exhibit a signal at 450nm. Third, the signal is very weak

and broad from the BOE and H2 treated samples, respectively.
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Fig. IV-6 (b-d) allows to get a better idea of the emission location for both the 400 and 450 nm QWs
in all samples. It appears that the signal at 400nm corresponds to non-polar QWs, while the 450nm peak
corresponds to the QW on the semi polar plane. The only samples that achieved sidewall emission are the
SF treated, the H;PO, treated, and the KOH treated samples. Both the BOE treated, and the reference
sample do not show the peak at 400nm, which is a clear indication that they have no significant sidewall
emission. While this result is surprising in regard to the usual ability of BOE to etch silicon nitride, it can
be explained by the fact that the layer is a SiGaN compound and can therefore have different properties
from simple SiN.. The H, treated sample shows a significant signal intensity at 400 nm, which is caused

by an overlap between its GaN band edge peak at 360 nm and semipolar plane QW peaks at 450 nm
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Figure IV-6: CL spectrum integrated on a whole nanowire for each sample (a). SEM image of a single

nanowire for each sample (b), and corresponding CL emission at 400 nm (c¢) and 450 nm (d). (from ref **).

If we look in more detail at the emission signal from the SFs, H;PO, and KOH samples we see that it
is found at different locations within the nanowire. First, in the case of the KOH etching, the emission at
400 nm is only located at the top of the nanowire, corresponding to the smooth area identified in Fig. IV-
4. This indicates partial etching of the SiGaN, allowing growth only on the top part of the nanowire. The
rest of the sample seems to emit inhomogeneously at 450 nm from its sidewall, but it is unclear if this
inhomogeneity is due to alloy variation, deep defects introduced by the KOH, or other factors. In the case
of SFg, the 400 nm signal intensity is stronger at the top of the nanowire, and gradually decreases when
descending along the nanowire, while the 450 nm signal is only emitted from semi-polar planes on top of
the nanowires. Last, the H;PO4 sample features a strong 400 nm signal, which, compared to the other

samples, is the one that extends the furthest down the nanowire. The signal seems weaker close to the
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junction between m-planes facets, which is also where a 450 nm signal can be noticed. This effect has
already been reported®?! and can be caused by the presence of nanometric a-planes at the junction between

neighboring m-plane surfaces with a higher In incorporation.

In the light of these results, it appears that the only methods that can reliably etch SiGaN on the
sidewalls to achieve an extended shell coverage are the wet etching in H;PO, and dry etching with SF.
These two treatments were therefore chosen to study their impact on core-shell heterostructures including

an InGaN underlayer and multiple InGaN QWs.

2.2.2 NON-RADIATIVE CENTERS: UNDERLAYER AND MULTI QUANTUM WELL SAMPLE IN THE
LITTERATURE

The underlayer (UL) effect has already been mentioned in Chapter I, part 2. It consists in the growth
of a low In content InGaN layer prior to QW growth to trap non-radiative defects, suspected to be nitrogen
vacancy Vy defects formed at high temperature, and hence keeping them from diffusing into the active
layer. However, while its strong impact has been proven in the case of planar c-plane devices®, there is to
our knowledge no demonstration of this effect in the case of nanowires. More than that, Kapoor et al’®
compared the emission of nanowires without UL, with a GaN UL and with an InGaN UL. They concluded
that while the presence of an underlayer had a positive impact on the luminescence, no significant difference
was noticed between the GaN and the InGaN underlayer. These results suggest that the underlayer is not

critical in the case of m-plane nanowires, unlike c¢-plane devices.

There are two possible reasons that could explain this phenomenon: First, it is possible that the Vx
defects do not diffuse toward m-plane GaN surafaces, as they do in c-plane GaN. In this case, there is no

need to grow an underlayer, as the defects are not concentrated on the surface.

The other explanation could be that defects are generated in the core but are not able to diffuse
through the SiGaN layer into the active shell. Indeed, Haller et al.*® proved that these defects were mainly
generated during high temperature growth, higher than 900°C. In nanowires, the highest temperature of
growth is reached during core growth, while the rest of the growth is carried (except the capping) at
temperatures around 900°C or less. Note that the temperature provided at the beginning of 2.1 and 2.2
are setpoint temperatures, and that the real temperature in the reactor is expected to be lower by about
150 °C. Therefore, if the growth does indeed produce point defects, we expect them to be mainly produced
during core growth. In this case, does the SiGaN layer stop the diffusion of the defects into the shell? It
would mean that removing the SiGaN would allow non-radiative defects to diffuse toward the QWs during

shell growth, and that the use of an underlayer is also required for nanowires.

2.2.2.1 EXPERIMENTS

To test this hypothesis, we proceeded to two additional growth runs on SFs and H;PO,treated samples.
In the first run, a shell consisting of an underlayer and a SQW was grown, while in the second, the shell
consisted of an array of three QWs. For simplicity, the samples will be referred to SQW, SQW+UL and
MQW for the single QW, single QW with InGaN underlayer, and multiple QWs array samples,
respectively. Indeed, according to Armstrong et al?® the first QWs of the array are expected to bury the
non-radiative defects and have a similar effect to the underlayer. Hence, comparing a MQW sample with

an SQW+UL sample could provide key information about the mechanisms at play. After growth, the
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Figure IV-7: Comparison of the CL spectrum integrated on a full nanowire with an SQW, SQW+UL and
MQW shell, without etching (a), alter SFy treatment (b) and after H;PO, treatment (c). Sketches of the
corresponding SQW, SQW+UL and MQW structures (d) (from ref ).
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Figure IV-8: SEM images and CL maps at 400 and 450 nm for the reference sample (a), the SFs-treated
one, (b) and the H;PO,-treated one (c) for SQW, SQW+UL and MQWs structures. The scale bars

correspond to 2 um. (from ref #).
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The spectra measured on whole nanowires are presented in Fig. IV-7 (a~c), and corresponding
mappings are presented in Fig. [V-8 (a-c). In this study, the spectrum and the mapping must be considered
jointly, as both the relative intensities and their localization will be used to assess the effectiveness of the
treatments. The structures corresponding to SQW, SQW+UL and MQWs are presented in Fig. IV-7 (d).
Last, the conditions used to measure the spectra presented in Fig. IV-8 were kept similar for all

measurements in order to ensure the possibility of doing quantitative comparisons on the samples.

In the case of the untreated samples (Fig. IV-7 (a) and Fig. IV-8(a)), only the sample containing an
UL features a significant sidewall emission. However, this signal is broad. Moreover, Fig. IV-8(a) shows
that the emission is inhomogeneous in intensity and is concentrated on the top part of the nanowire
sidewalls. Moreover, a close look on the CL. mapping of the sample with UL (Fig. IV-9) shows quantum
dot-like structures with some similarities with the ones reported by Puchtler et al’. The absence of any
sidewall emissions for both the SQW and MQW samples confirms yet again that growing shell structures
directly on a fully doped core will have a negative impact on the optical properties, as only one of the

untreated sample features sidewall emission, and it is inhomogeneous.

In the case of the SF; samples (Fig. IV-8(b)), an improvement of one order of magnitude of the
intensity signal can be noted using the underlayer, compared to the SQW sample. The MQW sample signal
features an additional threefold increase when compared to the SQW-+UL sample. The CL mapping (Fig.
IV-8(b)) confirms that this emission is related to the sidewall QWs.

Last in the case of the H;PO, treated samples (Fig TV-7(c)), no significant change can be noted on the
400 nm sidewall quantum signal by the addition of the underlayer. However, the MQW sample shows a
one order of magnitude increase compared to the other structures. Moreover, the signal coming from the
H;PO, treated SQW and MQW samples have a sidewall QW signal 4 times more intense that of the
corresponding SFs samples. Last, the corresponding mapping (Fig. IV-8(c)) shows that all samples feature

some sidewall emission.
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Figure 1V-9: (a) SEM image, (b) 300 K panchromatic CL map and (c) corresponding reconstituted color

mapping of a reference SQW+ UL nanowire. (d) spectra corresponding to the positions in (b)(from ref #).
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2.2.2.2 DISCUSSION

The proposed explanation to this different behavior of the UL is based on the impact of the treatment
on the whole structure and is shown in Fig. IV-10.
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Figure TV-10: Three possible scenarios when growing a shell on unpassivated core: (1) in the absence of
any countermeasure, the defects diffuse toward the QWs, (2) In the presence of the UL, the defects are
trapped before reaching the QWs, (3) the defects may however be kept from reaching the QW layer by

being removed when etching the close surface of GaN.

Indeed, in the SF; case, the SiGaN layer is expected to be removed, but there is no evidence of any
effect of the treatment on the underlying GaN. Hence, as hypothesized, the non-radiative defects contained
in the core are free to diffuse in the QWs, where they will degrade the intensity of the signal (scenario 1
of Fig. IV-10). SiGaN layer behaves thus as a barrier for the Vy diffusion. However, an underlayer on the
sample allows a burial of the defects, which results in an increase of the intensity of the QW signal (scenario
2 of Fig. TV-10). Using several QWs will have the same effect, but the presence of additional QWs leads
to a more intense output. However, in the case of the H;PO, sample, an etching of the surface of the GaN
has been observed in Fig. IV-4 (¢), which is expected by the literature'. We also know that the Vy defects
responsible for the UL effects are supposed to be located at the close surface of the sample. Hence, one
possibility is that the chemical treatment led to their removal through the etching of the defective GaN
(scenario 3 of Fig. IV-10). In this case, the presence of an underlayer would not lead to any significant
change on the intensity of the 400 nm sidewall emission. The presence of additional QWs would then lead
to a significant increase of the intensity of the signal, as all QWs would be mostly free of non-radiative

defects. It should be noted that this mechanism has already been proposed by Han et al.*", who observed
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an increase in IQE when etching the surface of a high temperature grown c-plane n-GaN, and subsequently

growing a low temperature InGaN/GaN 5 period array and Mg-doped p-GaN.

2.2.3 EFFECT OF THE ETCHING ON THE INGAN SURFACE COVERAGE

The initial goal of this study was to investigate the effect of the etching of the SiGaN layer, and its
possible use for the growth of fully luminescent nanowires by increasing the area of the shell coverage.
However, up until this point, the methods used allowed to compare the relative emission from one sample
to another, but not the variation of the signal on a single nanowire. Using CL hyperspectral mappings, it
is possible to quantitatively track the signal at different heights of the nanowire. Hence, the SFs MQWs
and H;PO; MQWs have been studied alongside a vertical n-nid structure (as defined in 1.2.1) with 5
QWs. The reason why a n-nid structure was chosen instead of a fully doped structure is because mappings
of the fully doped reference evidenced very little sidewall emission.. The different spectra at the top, middle
and bottom of each sample are presented in Fig. IV-11. The CL parameters (such as acceleration voltage
and beam current) used for the characterization of the n-nid structure differ from the ones used for the
two other samples, as well as the number of QWs. Hence, while it allows to assess the gradual decrease of

the quantum well signal, the relative intensities between samples are not comparable.
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Figure IV-11: Evolution of the spectrum between the top, middle and bottom of the nanowire for a n-
nid structure with 5 QWs (a), SFs MQWs (b) and H;PO, MQWs (c). The insets are panchromatic

images for each nanowire.

Fig. IV-11 (a) shows the typical behavior emission of a shell grown on a n-nid structure. At the
top of the nanowire, the signal is intense, but starts decreasing and blue shifting when descending along
the nanowire, until the middle of the nanowire is reached. It then sharply decreases and becomes almost
undistinguishable from the noise. This sharp transition can be seen on the panchromatic image in the inset
of Fig. IV-11 (a). Tt is often visible on SEM images (Fig. IV-12), as the thickness of the nanowire also
decreases, corresponding to the interruption of the shell near the middle of the nanowire. However, in the
case of both SF¢ MQW and H;PO, MQW samples, this behavior is mostly absent. Indeed, the intensity of
the signal of the nanowire decreases when going down along the nanowire in both samples but stays
significant even at the foot of the nanowire, with an intensity comparable to the Yellow Band at this
height, despite a drop of two orders of magnitude. Last, the yellow band stays at the same intensity on
the whole nanowire. In Fig. IV-11 (a), the signal at the bottom of the nanowire does not show any

significant luminescence, which suggests a high structural defect density of the material.
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Figure IV-12: SEM picture of a doped/undoped sample with a visible junction between core and shell

In this paragraph we have demonstrated that it was possible to reach a full coverage of the nanowire
by the shell using a treatment between core and shell growth. While both the SF¢ dry etching and H;POq4
etched samples have shown an improvement compared to the more commonly used n-nid method, the
stronger intensity and potential removal of the defects provided by the H;PO, made it the method of
choice for this application. This method has hence been implemented on the growth in the rest of this
study. However, no direct proof of the complete removal of the SiGaN layer has been provided. In order

to do so, further work in transmission electron microscopy was required.

2.2.4 PROOF OF SIGAN REMOVAL BY TEM CHARACTERIZATION

In order to check the etching of the SiGaN, TEM lamellas of the untreated reference MQW and H;PO.-
treated samples have been prepared. Fig. IV-13 presents an HAADF picture along the <0001> zone axis,

at low and high magnification, at 2/3 of the height of the nanowires for the both samples.
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Figure 1V-13: HAADF-STEM images of the untreated (a)(b) and H;PO, treated samples (c)(d) (low and
high magnification respectively)

We first look at the images taken on the untreated sample (Fig. IV-13 (a,b)). The InGaN QWs are
clearly visible, which indicates that the absence of CL emission can be attributed to a high density of non-
radiative extended defects, visible as white threading lines and attributed to prismatic stacking faults” as
mentioned in 1.1.1. Voids are present too. It should be noted that while in the literature it was reported
that the voids would originate at the junction between the core and the shell?, some can clearly be seen in
the middle of the shell structure, and one could argue that the roughness observed on the surface of the
sample in Fig. IV-4 (g) is due to unclosed voids created in the shell. Last, the thin line which can be seen
in Fig. IV-13 (b) between the core and the shell can be attributed to the presence of the SiGaN layer. On
the other hand, the samples treated using HsPO, do not exhibit any defect and show an excellent crystalline
quality. Furthermore, Fig. IV-13 (d) lacks the dark line present on the reference samples, identified as the
SiGaN layer but presents some “In rich” triangles (as can be seen by the chemical contrast on the HAADF
image) on small a-planes at the junction between consecutive m-planes, which have already been reported
in the literature?>*. Hence it can be concluded that there is a clear improvement of structural properties

associated with the H;PO, treatment of the core.
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Figure I11-14: EDX mapping for the element Si for the untreated (a) and H;PO, treated samples (inset:
corresponding HAADF-STEM picture)

Subsequently, EDX of Si was performed to assess the state of the SiGaN layer due to this treatment.
In Fig. IV-14 (a), a signal indicating the presence of silicon is revealed at the junction between the core
and the shell of the nanowire, indicating the presence of a continuous SiGaN 2ML-thick layer all around
the nanowire core. However, this signal is absent from the mapping realized on the H;PO,sample (Fig. IV-
14(b)). This result clearly demonstrates that the SiGaN layer has been removed by the H;PO, of the n-
GaN core, proving that this process is the main cause of the improvement in shell coverage and defect

removal in the shell.

3. CONCLUSION

In this chapter the detrimental impact of the SiGaN layer on the quality of the shell was evidenced. To
optimize the quality of the shell the core was processed in order to remove the SiGaN, and hence to obtain
a luminescent shell on the sidewalls of the nanowire, without any issue in coverage, structural defects, or
injection. Several methods have been used to remove the SiGaN, categorized as wet, dry and thermal
etching. Looking at the morphology of the sample as well as their optical properties with a SEM equipped
with a CL setup, two processes (SFs plasma etching and H;PO,) were identified as effective solutions, as
they dramatically increased the optically active coverage of the samples. On the other hand, further studies
suggested that the SiGaN layer acted as a barrier for diffusing non-radiative centers, speculated as being
Vn. In case of the SF; treated samples, a so-called underlayer needs to be grown before the QWs in order
to order to trap the defects and prevent their diffusion in the active structure. However, in the case of the
H;PO,, this was shown to be unnecessary, as it is suspected that the etching of the GaN core surface by

the HsPO,; may lead to the entire removal of the non-radiative centers.
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Chapter 5:

From a core shell nanowire heterostructure to a flexible LED
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1. STATE OF THE ART

1.1 FLEXIBLE LIGHT EMITTING DEVICES IN THE LITTERATURE

1.1.1 INTEREST AND APPLICATIONS

The applications of flexible devices cover a wide range of domains, such as for example, flexible
appliances (phones, computers ..), on-skin medical sensing, or conformal photovoltaics. Hence, it is not
surprising to see that the subject has seen a growing number of contributions since 2000. Indeed, as seen
in Fig. V-1, the listed number of publications with the keywords “flexible electronics” started to increase

in the late 2000s, and has, since then, been growing exponentially.
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1980 2000 2020
year

Figure V-1: number of publications with the keywords “flexible electronics” listed by Scopus over the

years.

This rising interest can be explained by the promises of flexible devices. Indeed, their flexibility
makes them able to fulfill applications that are not possible with rigid devices, such as their inclusion in
textile or on skin medical sensors. In the case of flexible LEDs, the main applications are first conformal
lighting, flexible screens and wearables. Currently these three applications are already fulfilled with
millimeter scale rigid electronic devices that are embedded in flexible matrixes (Fig. V-2(a)). However,
this technology implies to make a choice between light emission intensity and flexibility, as there is a
trade-off between the density of LEDs and the flexibility of the strip. Another solution is to use Organic
LEDs (OLEDs), as presented in a bendable phone as Fig. V-2(b). However, this technology does not yet
yield commercially available fully flexible devices, and has its own set of issues, as further developed in
1.2.1.1. The current reported lowest radius of curvature (ROC) for the device presented in Fig. V-2(b) is

1.4 mm.
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Figure V-2: Rolls of LED (a) and bendable phones (b)

Optogenetic is another promising application of flexible LEDs. This biological technic allows a
genetic modification of targeted cells such as neurons, in order to make them sensitive to specific
wavelengths. Thanks to the improvement of this method, it is now possible to stimulate or inhibit the
cell activity with light. This opens the door to new brain/chip interface where a signal is transmitted by
a chip to a neural system using an interface between a LED and a group of photosensitive neurons'. This
method is of particular interest for the elaboration of a new generation of cochlear implants 2. The
advantages of using a light source as stimulation tools is a better temporal and spatial resolution,
especially when compared to. However, such approach also requires a high-power light source for
appropriate signal-to-noise ratio, small devices to fit inside the cochlea, as well as a low radius of

curvature® because of the spiral shape of the targeted organ (Fig. V-3).

cochlear round trips

W1 nd

Figure V-3: Flexible strip of LED inserted in a mice cochlea(from ref. *)
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1.1.2 STRATEGIES

1.1.2.1 ORGANIC LEDS

There are different approaches that can be used for flexible LED fabrication. The first one is to use a
flexible material, such as a polymer, as it is the case for organic LEDs (OLEDs). In this case, the light
emission is carried out by single molecules, with weak Van Der Waals interactions as the main binding
force. There are several advantages of using these compounds in the production of flexible LEDs. First
the weak internal cohesion of the materials allows for more flexibility, so that the materials can be
directly integrated in a flexible and planar layer*. Another advantage comes from the fact that the
material is not monocrystalline but rather made of individual organic molecules, meaning that the
properties of the device are not impacted by structural properties. The variety of compounds that can be
used with associated wavelengths and properties is higher than with inorganic compounds®”’, and they

are mostly made of carbon and are generally described as being inexpensive and easy to manufacture’.

The fact that the material is made of organic compounds comes however with some inherent
disadvantages. First, the molecules might exhibit chemical stability issues, which means that additional
layers are required to protect them from moisture and reactive O in the air®. They also have a poor
electrical conductivity and poor thermal resistance, and they are expected to have a smaller lifetime®
than their inorganic counterparts. Because the lifetime varies from compound to compound, OLED
screens may also suffer from differential aging, where the luminance decrease at different rates for each
pixel’?. This issue can however be mitigated by adjusting injection in the different pixels. Finally, OLEDs

have generally a lower output power and quantum efficiency'? than nitride LEDs*.

1.1.2.2 FROM PLANAR INORGANIC LEDS TOWARD NANOWIRE-BASED LEDS

The second option is to use inorganic LEDs. Some example of flexible devices with microLED array are
shown on the Fig. V-4(a). However, there are several reasons that makes the flexible approach () more
challenging on inorganic semiconductors. First, in the case of nitride visible LEDs, the process used to
grow GaN is an epitaxial and high temperature process. It is thus not compatible with most flexible
substrates that are organic in nature because they are neither crystalline nor thermally resistant. As
GaN is mainly grown on crystalline substrates, the integration a GaN layer into a flexible device first
requires to be detached from its substrate, which is difficult due of the covalent nature of the bond. Few
methods can be used to this end such as Laser Lift Off (LLO)*"* set-up, a sacrificial easily etchable layer
or an etching of the substrate'®. Another method that has been used is to grow GaN on 2D materials®!,
which allows to mechanically lift off the heterostructure (this latter approach has recently attracted a lot
of attention and will be further discussed in chapter 6). The second issue is that GaN mechanical
properties are not appropriate for its use in a flexible/bendable device. Indeed, the Young’s modulus of
GaN has a reported value of 295 GPa, and its yield strength is around 15 GPa'®. It means that a
deformation of 5% or more is expected to result in an irreversible plastic deformation, which fits with the

results obtained by compression of GaN nanocrystals'®.

The mechanical property that describes the stress experienced by flexible devices is the bending
stiffness?’, which, for a single-phase material, is described as®!:
E-t3

S=-m 6.1
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With S the bending stiffness of the material, E its Young’s modulus and t its thickness. Hence, the
two ways to avoid plastic deformation in the material during bending are to either make each individual
LED smaller in size?? to reduce the overall stress, or to reduce the overall thickness of the
heterostructure’®. The question of plastic deformation and dislocation generation remains and might
cause a degradation of the device performances over time, even if inorganic nitride compounds are
chemically resilient and expected to have long lifetimes. It should be noted that one contribution has
addressed these issues by performing bending fatigue tests?. In this study, the LEDs had a size of 100 x
100 pm, and a fatigue test consisting of 2000 bending cycles (radius of curvature: 3.5 mm) resulted in a
negligible modification of the properties, which is not surprising since the targeted radius of curvature is

significantly bigger than the device.
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Figure V-4: (a) Thin planar InGaN based flexible LED structuré” and (b) nLED array on a polymer

flexible membranée®.

Therefore, a good solution to improve the bending performance is then to make use of microLEDs*%
» (Fig. V-4(b)). Indeed, because their foot-size (~pm) can be orders of magnitude smaller than the
required radius of curvature (typically of the order of the cm to the mm), they do not suffer from plastic
deformation due to the strain introduced by the bending. Their small footprint also makes them easier to
remove from the substrate. One can also play with the aspect ratio of the device to facilitate the
transfer. For example, in the case of nanowires, applying a shear stress on the top of the nanowire will
create a torque on its base, making it easier to break. In this regard, the nanowire-based pLED structure
appears well adapted for this application, not only because it allows us to move toward nano-LEDs with
a wide range of possible sizes, but also because their high aspect ratio is suitable for lift-off and transfer.
In the next paragraph, the methods to build nanowire-based flexible devices will be discussed, with an

emphasis on work already existing in the literature.

1.2 NANOWIRE BASED FLEXIBLE LEDS

1.2.1 SELF-ORGANIZED NANOWIRE-BASED DEVICES

In the case of GaN growth, because of the high temperature growth processes and the general
chemical incompatibility, nanorods cannot be grown on a flexible polymer film as it is the case for
example with ZnO%®. However, it can be noted that the direct growth of GaN nanowires on flexible metal
foils by MBE has been achieved in 2016 and flexible LEDs were fabricated®'*?, however this approach

was not pursued in the literature due to the poor control over the properties of NWs grown on metal.
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Indeed, in most reports® %, the fabrication is a two-step process, in which the structures are first grown
on a rigid substrate, encapsulated, and separated, with the last steps of the fabrication (typically
including contact deposition) is carried on a flexible membrane. To our knowledge, one of the earliest
reports of the elaboration of a flexible nanowire LED using encapsulation with a GaN/InGaN
heterostructure was made in 2011 by Lee et al' The method presented in this report has since then
been reproduced by other teams with some slight changes : the encapsulation of the nanowires is usually
performed in a polymer matrix (either in PDMS* % in polyimide*™* or PET*. This matrix is
separated from the substrate either by etching of the substrate®0 laser lift off*3, or mechanical peeling

t 34-36

assisted by tape bonding®” or no . In addition to its flexibility, the polymer provides a physical

separation between the p and n-contact, avoiding short circuits. 3

In all the nanowire flexible LEDs presented above, the nanowires were grown following a self-
organized process, that has already been described previously in this manuscript. This can be justified by
an easier process since the growth can be carried out on an unprepared substrate. In MOCVD
specifically, the characteristics of a self-organized sample are advantageous for their insertion in flexible
devices as the samples usually consist in a low density array of long nanowires (>20pm). However, while
their geometry makes them appropriate for flexible device fabrication, this comes at the cost of the

control of optical properties, which will be explained in further details in the next paragraph.

1.2.2 LIMITATIONS DUE TO SELF ORGANIZED GROWTH

The drawbacks caused by the self-organized approach are due to the random position of the
nanowires, as well as their variation in size and optical properties. Fig. V-5 (a-c) shows photographs of
self-organized nanorod LEDs with and without current injection. What can be seen in Fig. V-5(c)
combining picture with and without injection is that a part of the array produces limited amount of
light, or no light at all. This can be caused by a difference in height in nanowires, as some of the
structures are not high enough to go through the polyimide layer used as a matrix in this work. These

structures are hence not contacted, and not injected during the operation.

Figure V-5: Flexible NW-based LED device (a) under an optical microscope, (b) under a microscope

under injection, (¢) combined picture of (a) and (b) (from ref. 7).

Another issue is the control of the emission properties of the active layers. Indeed, the aspect
ratios and thus the relative area of each crystallographic planes vary from one nanowire to another. This

leads first to a difference in relative intensities for each plane’s specific contribution , as the semipolar
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and polar planes have a redshifted emission due to QCSE as compared to c-plane. It can also lead to
different quantum well thicknesses and In compositions due to diffusion of adatoms and preferential
incorporation on different crystallographic planes*. Finally, the height difference also leads to
inhomogeneity in the current injection. As a result, the samples may exhibit inhomogeneities in their

emissive properties as observed in Fig. V-6 (a), which may be even more pronounced at the local level
(Fig. V-6(b)).

€)

Figure V-6: Photos of operating flexible LEDs using self-organized core-shell nanowires LEDs ((a,b)

from refs. 3 and®, respectively).

Last, because of the irregular nanowire locations, the density may also change from one region of the
sample to another, which leads to inhomogeneous luminance from the samples. This is a clear obstacle
for applications such as flexible screens requiring pixels or cochlear implants that require a high spatial
resolution. In this context, selective area growth becomes an unavoidable method to achieve arrays of
nanowires with homogeneous properties over large surfaces. This method has therefore been used with
Silicon nanowires? for the fabrication of flexible electronics, but there are very few reports®® about SAG-
based flexible devices with GaN. Hence, one of the aims of this PhD was to use methods developed for
self-organized systems and apply them to SAG samples in order to produce highly homogeneous flexible
LEDs.

2. FLEXIBLE DEVICES BASED ON SAG NANOWIRES

2.1 FIRST SAMPLE

2.1.1 PREVIOUSLY ESTABLISHED PROCESS

In this paragraph, special attention will be given to one of the earliest reports using GaN nanowires
by Dai et al**. The team responsible for this report, led by M. Tchernycheva at the French Center for
Nanoscience and Nanotechnology (C2N), has been collaborating with our group on the elaboration of
SAG-based flexible nanowire devices in the scope of this PhD. For this reason, the process presented in
ref 3 has been used as the basis for the elaboration of flexible devices in this PhD and is presented in
Fig. V-T:
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Figure V-T: Step by step representation of the process detailed in ref? using an InGaN/GaN core shell

nanowire array.

- The first step (Fig. V-7 (a)) is the growth of an array of nanowires with a full core shell LED
structure, including an n-GaN core, an InGaN/GaN heterostructure array, and a p-GaN shell. This
part of the process as already been described in previous chapters and will hence not be further
detailed here.

- The nanowires are then covered with an ultrathin layer of Ni/Au (2-3 nm each). This layer helps
forming an ohmic contact with the nanowires for the p-contact and needs to be deposited only
where the p-GaN shell is present, and the foot of the nanowire needs to be protected with a
photolithographic resist. The resist can then be lifted off, and the sample is then annealed at 400°C
during 10 min in atmosphere containing oxygen, which oxidizes the Nickel to form NiO, which
further helps to get an ohmic contact for the p-side.

- The nanowires are then encapsulated in polydimethylsiloxane named PDMS (Fig. V-7(b)), which is
an elastomer of the formula (SiCH;3),(C,H¢Si0), and fits the requirements for the elaboration of a
flexible membrane containing semiconducting nanowires. The PDMS can be bought in the form of
an unreticulated viscous liquid of several grades, the one being used here is PDMS Sylgard® 184.
Prior to use, it is mixed with a PDMS primer that will initiate the crosslinking between the chains.
The PDMS can then be spin coated onto the desired sample. The crosslinking occurs at room
temperature for several days, which can be reduced to several hours by baking at 80°C. It should be
noted that the primer/PDMS mix can be kept at -40°C without solidification, or at refrigerator
temperatures if dissolved in a solvent such as hexane or toluene.

- Once cured, the PDMS membrane can be peeled off the substrate (Fig. IV-7(c)). To do so, it is
necessary to use microscalpels in order to scrape the thin membrane without breaking it. The ones

that have been used in this work specifically were Graham-Field microfeather ophthalmic scalpel
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with a blade angle of 15° for initiating the peel off, and 45° to scrape off the membrane once a tip
has been separated. Once the membrane has been fully peeled off, it can be unfolded by wetting it
with isopropanol, and be flipped to expose the n-GaN foot of the nanowires.

- Having been exposed, the n-side of the nanowires can be directly contacted (Fig. V-7(d)) by a
Ti/Au layer deposited using an e-beam evaporator.

- The sample is flipped again, exposing once again the p-side of the nanowires (Fig. V-7 (e)). The
PDMS is however expected to fully encapsulate the nanowires, and the surface consists in a flat
polymer layer. To realize the p-contact, one needs to first etch the PDMS to expose the p-side of
the nanowire. however, since PDMS backbone is formed from the monomer [Si(CH;),O] units, it
cannot be etched through classical methods used for organic materials, such as acetone, Remover
PG or O, plasma. It requires the use of fluorinated compounds. The most reliable method is to
perform a CF4/O, plasma in an ICP-RIE apparatus, as the Fluor ions can break the Si-O bond. The
samples were etched slowly to avoid burning the membrane and to obtain a homogeneous controlled
etching.

- The last step consists in the spin-coating of Ag nanowires on the device, creating a transparent

mesh that helps conducting the current to the whole area of the LED.

This process allows the fabrication of a semi-transparent flexible LED, with light being extracted
from the top side of the device. An alternative process can yield fully transparent flexible LEDs by
replacing the n-GaN metal deposited contact by an array of silver nanowires®, as it is performed with
the p-GaN contact. However, this variant of the process will not be discussed in many details here, as
the n-contact has not been identified as a critical part of the process, and because a thick and reflective

n-contact helps improving the light extraction from the device*.
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Figure V-8: I-V curve and corresponding EL spectra at different biases of the LED presented in the ref.
34

An electroluminescence spectrum of the device is provided in the reported study and is presented in
Fig. V-8. It consists in applying a variable bias to the sample, and measuring the corresponding current
flowing through the device, as well as its light emission. Fig. V-8 shows several features that are
expected for InGaN/GaN based LEDs, and this figure will hence be used as a case example to quickly

assess these features. First, the IV curve fits the behavior of a regular p-n junction, with a first regime
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featuring a negligible increase of the current with increasing voltage, until a turn-on voltage is reach.
The current then increases with the voltage. This turn-up voltage, called the forward voltage, is expected
to occur between 3 and 4 Volts®® as verified here. In negative biases, the current stays at values close
to 0, which indicates a high breakdown voltage and is a common characteristic for GaN-based LEDs*".
One last characteristic feature of nanowire-based LEDs is the presence of 2 main emission peaks at
different voltages. At low voltages, one can first see a 450 nm broad emission, followed by the rise of a
second contribution at around 410 nm. This is because, as explained in Chapter 4, nanowires do not
feature a single crystallographic plane of emission, and usually have either top semi-polar or polar QWs
on Ga-polar* and N-polar® nanowires respectively”, with higher wavelength emissions, which are
preferentially activated at low currents. The report® also presented additional procedures that can be
used with this process to produce white LEDs. The first one would be to stack several layers of the
device using nanowires with different emissive properties, opening the way for RGB and white LED
applications. This method takes advantage of the transparency of the device, which has a transmittance
of about 60%*, but it requires for the membrane with the lowest energy emission to be placed at the

bottom of the stack to ensure that the high energy photons do not interact with lower energy junctions.

2.1.2 LIMITS OF SAG-NANOWIRES ENCAPSULATION

One of the first issues that arises with using our SAG nanowires stems from their size. Indeed, the
height of the nanowires produced by SAG using our process is usually between 5 and 10 pm against
more than 30 pm for the nanowires used by Dai et al* However the PDMS membrane thickness is
determined by the nanowire height. One could suggest first encapsulating the nanowires in a thick
PDMS layer which would then be etched. But a long dry etching step is more challenging, because the
longer the PDMS is etched, the more heterogeneous it becomes in thickness. The membrane may also
heat up and start to burn in certain places. It is thus better to keep the PDMS thickness close to the
height of the nanowires as shown on the Fig. V-9. The membrane is then expected to be limited to a
thickness of 15 to 20 pm. This makes the manipulation of the membrane challenging, especially for the
peel off, which is made mechanically, by hand, with scalpels and tweezers. Even in the case where one
manages to obtain a full membrane after the peel off, there are usually some amounts of tears and holes

in the PDMS, which are sources of leakage and short circuits.

PDMS

Nanowire array

Figure V-9: Array of nanowires in a PDMS membrane observed by SEM in cross section view.

The second issue that was found with our SAG samples is the pitch between nanowires. Indeed, the

nanowires are spaced by only 1.5 pm from center to center and considering that a nanowire diameter of
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roughly 1 pm, it leaves about 1 pm of spacing between each nanowire. This dimension constraint is
imposed by the mask fabrication through Differential Talbot Lithography®!, which allows to produce a
large and homogeneous array of holes on a full wafer. The pattern chosen for the SAG is a hexagonal,
and the space enclosed by three neighboring nanowires forms a triangle that acts as a capillary for
liquids. Indeed, this effect is usually visible on nanostructured sample when working with liquids such as
water®, and has been mentioned as a potential issue in Chapter 4 after wet etching. The PDMS covering

is thus inhomogeneous (Fig. V-10(b)).

w/o PDMS  w/ PDMS

Figure V-10: Low (a) and high (b) magnification SEM pictures of a SAG-nanowire sample encapsulated
with PDMS

Fig. V-10 shows this issue and its consequences with the formation of empty areas between the
nanowires. As seen in Fig. V-10(a), the presence of large parasitic growth can also be responsible for
empty areas. This issue is not only threatening for the sample properties but will also badly impact the
fabrication of the sample itself and may lead to the failure of the sample during the peel-off stage.
Therefore, finding a solution to drastically reduce the amount of empty areas in the sample has been the

first step in fitting the process to SAG NW structures.

One easy solution is to use a solvent able to dilute PDMS such as hexane. We determined
experimentally that a ratio of 3:1 by weight hexane:PDMS allowed to significantly reduce this effect.
One explanation for this behavior comes from the Jurin’s law, which describes the behavior of a liquid
inside a capillary, and states that the strength of the force pushing a liquid up the capillary is directly
proportional to the surface tension of the liquid, and inversely proportional to its density. Hence, a good
solvent for this application should have either a low surface tension or a high density. Hexane has a low
density but also has a very low surface tension in air (three times™ less than as water®), which could
explain the reduction of the capillary effect, despite its low density. One other advantage of this dilution
is its volatility, meaning that it can be evaporated easily during the curing of the PDMS. Hence, all
following samples have been fabricated by diluting the PDMS precursor in hexane, with a 3:1 mix
hexane/PDMS.

2.1.3 FIRST DEVICE AND PROPERTIES

Considering the encountered problems, as described in the previous paragraph, we had to change

slightly the process described by Dai et af*. The process was first modified by using a diluted form of
154



PDMS precursor to allow a better filling of the array and limit capillary effects, as explained previously.

Second, * the metal semi-transparent p-GaN contact was realized after etching. Indeed, because of the

aforementioned capillary effects, the deposition of a resist covering only the bottom of the nanowire is

challenging and requires additional steps that need to be optimized. The contact was deposited after the

PDMS etching and was not annealed in oxygen because of the presence of the polymer. Last, the n-GaN
contact done here is a Ti/Al/Ti/Au stack with respective thicknesses of 10/20/10/100 nm. The core
nanowires were grown in conditions similar to those described in the Chapter 3, and the nanowire were

etched in a 115°C H3PO, bath to remove the SiGaN layer. The growth was then done following the

conditions presented in Table V-1. The obtained device is presented in Fig. IV-11, along with IV curves,
EL and CL spectra.

step Pressure | Temperature | Time NH3 TMGA TMAL TEGa TMIN Cp2Mg H2/N2
stel (mbar) (°C) (s) | (mmol.min"') | (umol.min?) | (umol.min?) | (umol.min?)| (pmol.min?) (scem) i
. - - . - H2/N2
annealing 150 1050 1800 135
[ | "H2/N2
Spacer 10 1220 360 135 290 M2/
QWs 100 840 | 7350 | 600 7 2 |Pure N2
8 300 7 >ure N2
x5 cap | 301 | 7 .l ure
barrier 100 955 1800 600 21 Pure N2
: . . . i . 'H2/N2
EBL:p 150 1220 72 365 85 8 300 H2/
p-GaN_ | 150 1220 | 335 365 72 380 | H2/N2
p+-GaN | 150 1220 75 11 1800 | H2/N2
|)-(-;|t\ 300 935 1200 Pure N2
annealing

Table V-1: growth parameters of the shell grown on core nanowire for the fabrication of flexible devices.
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Figure V-11: SAG flexible device (indicated by the orange outline) under injection (a), corresponding IV

curve (b), measured EL emission (c) and corresponding CL spectrum (d).
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A clear difference can be noted between this sample and the one presented by Dai et al3!. First,
the area of emission is small, the sample emits light from a single localized spot, as observed in the Fig.
V-11(a). The IV (see the Fig. V-11 (b)) is also far from the expected ideal curve, on several points. First,
the “breakdown” voltage is very low, suggesting that the sample struggles blocking backward current.
However, this is not caused by breakdown, but rather by leakage in parallel of the diode, as seen by the
fact that the device continues to operate normally after several negative bias cycles. Hence, for the sake
of accuracy, this “breakdown” voltage will be referred to as the leakage voltage in the following
paragraphs. On the positive bias side, the current starts flowing at low voltages, which, along with the
low breakdown voltage, is indicative of a leaky behavior. Overall, the curve seems linear which also
suggests leakage, but other unexpected behavior can be observed: during operation, the current appears
to saturate around 7V at a value close to 40mA. Also, the curve exhibits areas where the current drops,
which is typically classified as a Negative Differential Resistance (NDR). This behavior is not typical of
LED behaviors, and no explanation as been found for it. The comparison between EL and CL spectra
shows additional issues: From the CL spectrum (Fig. V-11(d)), we expect a main contribution from the
sidewalls around 400 nm. The 450 nm signal is coming from the semi-polar planes at the top of the
nanowires. However, the EL spectra shows mainly a contribution at 450 nm (Fig. V-11(c)), even at
voltages a lot above the threshold for visible emission. This suggests that the current injection reaches
only the upper part of the nanostructure, and most electron do not recombine in the sidewall QWs.
Additionally, the spectrum seems to feature a weak GaN band edge contribution, which is thought to be
caused by electron overshoot into the p-GaN layer. An optimization work needs to be undertaken. In the
next paragraphs, these issues will be presented, as well as the strategies that have been adopted to

counteract them.

2.2 PROCESS OPTIMIZATION

2.2.1 STRUCTURAL OPTIMIZATION OF THE DEVICE

We performed SEM observation at different process steps to find some leverage of process
improvement. The Fig. V-12(a) and (b) present SEM images of the membrane after the peel off. We can
see that the metal contact layer on the n-GaN bottom part is conformal and continuous. We then
concluded that the n-contact is probably not responsible for the current leakage. We then performed

SEM characterizations at different steps of PDMS etching prior to p-contact deposition.

-

n-GaN metal contact

Figure IV-12: Side view of the PDMS/nanowire membrane at a tear (a), and zoom showing the n-GaN
contact (b).
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Fig. V-13 shows the different cases that can arise during the etching. In Fig. V-13(a), the tip of
the nanowires can be seen on some areas, but others seem to be completely covered by PDMS. This is a
common observation in early stages of the etching and shows the heterogeneity in PDMS thickness. In
this case, the sample is extremely under-etched, as most of its surface can still not be contacted. In Fig.
V-13(b), most of the structures have their tip and part of the top semi-polar planes out of the PDMS. In
this situation, the sample is still under-etched, as this situation would only lead to the current injection
in the top NW part giving semi-polar emission. The ideal situation to stop the etching is the one
presented in Fig. V-13(c). Indeed, here, the top part of the sidewall can be contacted, which is expected
to yield a m-plane sidewall emission. Going further in the etching would lead to the situation presented
in Fig. V-13 (d). Here, the PDMS has been over-etched, and a significant part of the m-plane is out of
the PDMS. Several issues appear in this case: first, the thickness of the PDMS is reduced, which
increases the risk of tearing. Second, the p-GaN on the m-planes has been exposed to the dry etching
environment, which could degrade its properties®®. Last, the fact that nanowires are leaning could

degrade the homogeneity of the p-GaN contact.

Figure V-13 : SEM images of different stages of etching of the PDMS sample in order to make a p-GaN
electrical contact : (a) very under-etched, (b) under-etched, (c) desired amount of etching, (d)
overetched PDMS layer.

Last, SEM observations have been used to control the density of the Ag-nanowire mesh, which
are partly responsible for electrical contact in this case. A corresponding SEM picture is presented in Fig.
V-14. The density of the silver nanowires is an important feature when it comes to the injection, as it

will be directly proportional to the number of injected nanowires.
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Figure V-14: SEM picture of a sample after Ag-nanowire dispersion

Thanks to these SEM measurements, several conclusions were drawn: First, the feet of the
nanowire were indeed going through the PDMS layer and were contacted. It is assumed at this stage
that the part that goes through the PDMS is the n-GaN core that grows inside the opening, which
should limit the amount of current being injected directly into the conformal p-GaN shell. However, it
allows to raise questions about two steps in the process, that require specific attention. The first one is
the etching. Indeed, Fig. V-13 shows that the etching needs to be closely monitored in order to stop the
process at the appropriate time. Indeed, an overetched sample might exhibit leaning nanowires, which is
unfavorable as explained previously, for the thickness of the PDMS, the injection in the active structure,
and the deposition of the p-GaN contact. To counteract this issue, the etching was made by small
increment of 30-60 seconds and observed between each increment . Another issue, observed in Fig. V-
13(a), is the inhomogeneity of the etching, but no solution was found to solve it so far. The second issue
is that spin coating the Ag-nanowires leads to a low density of Ag nanowires on the top of the PDMS
(Fig. V-14), which means that some GaN nanowires are not contacted and not injected. This difference
with the ref.3! can be explained by the difference in the dimensions and density of the array when
compared to the self-organized structures, as the Ag-nanowires were observed to be held in place in the
space between two nanowires in this study. Hence, to limit the spreading of the Ag-nanowires, it was

chosen to dropcast them instead of spin-coating .

2.2.2 DEVICE PERFORMANCES

Electroluminescence has been performed to assess the process improvement. Indeed, the EL allows to
measure both the optical and the electrical properties of the sample, and it brings a lot of information on
the quality of elaboration, such as the injected planes, quality of electrical contacts, possible parasitic
contributions, etc. Some information can already be directly obtained by looking at the emission also
with the naked eye (Fig. V-15). For example, while the sample still exhibits issues in current spreading,

some groups of nanowires were injected despite not being in close proximity with the fiber used for
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injection, as seen in Fig. V-15(b). In order to be able to have multiple point of emission, instead of a
standard needle probe a coaxial cable was used for the injection separated into multiple wires that can
be placed at different areas of the sample. This shows that there are some issues with the spreading and
the injection of the carriers, which is suspected to be caused by the Ag nanowire mesh used as a contact
to p-GaN shells. However, that the peak wavelength appears to be constant, and the injection occurs at

several points on the sample, is already a clear improvement from the last sample.

Figure V-15: Picture of a SAG flexible LED without (a) and with (b) current injection

In the present case, the EL spectra were taken under 15 V pulsed bias. This operation was repeated
several times on the same area, to take into account the variations caused by sample instability. Spectra
taken on three different areas of the sample presented in the Fig. V-15 are shown on the Fig. V-16. For
each spectrum, the measurement was repeated under the same conditions several times as the intensity
varied greatly from measurement to measurement, which is the reason why several spectra of varying
intensities are shown on each graph. This shows that while injection was achieved, the light emission is
unstable in intensity. However, the fact that the corresponding wavelength for each peak stays the same

in all measurements rules out a degradation of the MQWs array, and points toward an issue with

injection.
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Figure V-16: Electroluminescence spectra measured by pulsed EL at 15V for three different areas of the
sample (a), (b) and (c).

What can be seen from Fig. V-16 is that there are two main contributions, one between 400/450

nm, and the second one between 450/500nm. To confirm the origin of these contributions, CL was
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carried on the samples before the process, and can be used to identify the spatial origin of the

contributions. A mapping of the corresponding sample is provided in Fig. V-17.
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Figure V-17: Intensity mapping and color reconstructed image of a single LED nanowire, and CL

spectra corresponding to area 1, 2, 3 and 4.

Figure V-17 shows the CL mapping and the corresponding spectra of a representative nanowire from
the sample presented in Fig. V-16. While some of the results presented here were evoked in chapter IV,
they need to be detailed further to better understand the different contributions in the structure. The
spectra are taken on three nanowire regions, namely, the semi-polar planes, the non-polar planes, and

their junction, which displays distinct emission wavelength:

The m-plane QW displays a signal centered at 405 nm at the top of the nanowire but decreases to
380 nm when going down the sidewalls of the nanowire, which is likely caused by a QW thickness
decrease. As seen on another sample in Chapter 4, the intensity decreases when going down along the

sidewalls of the nanowires.

The top of the non-polar plane and the semi-polar plane facets have a similar emission centered at
415 nm. This can be due to a compensation between low QW thickness on semi-polar planes and the
QCSE. Indeed, the semi-polar QWs are thinner due to lower growth rates, which leads to a blue shift in
emission, while the QCSE leads to a redshift as explained in Chapter I. The main result stemming from
that is that, in the case of this sample, there is an ambiguity between the top of the sidewalls and the
semi-polar facets. The semi-polar planes may also have either higher or lower In incorporation relative to
non-polar planes depending on growth conditions, but the precise In compositions in both planes are

unknown for this sample.

Third, the junction has a strong and broad emission centered around 470 nm. This can be due to the
diffusion of the species from the semi-polar planes during growth, which locally increases the growth
speeds, and artificially increases In incorporation by keeping it from desorbing. This creates a ring-
shaped area around the nanowire with a two-dimensional localization, featuring a higher thickness of the

QWs and results in a red shifting in this area.
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In the EL graphs presented in Fig. IV-16, most of the contributions are present: Fig. V-16(a)
features a single peak centered around 400 nm peak, which is consistent with top sidewall emission. This
peak is also present in Fig. V-16(b), along with a strong signal around 475 nm, which is typical of the
junction between non- and semi-polar QWs. Last, Fig. V-16(c) features the same 475 nm peak but is
dominated by a peak around 415 nm, which can be either attributed to semi-polar QWs, or to the top
part of the sidewalls. However, the absence of a contribution below 400 nm confirms that the injection is

localized on the top of the nanowires.

In the previous paragraphs, we have presented the changes in EL from the first sample to the
optimized one. We have shown (Fig. V-15(b)) that some amount of current spreading can be observed
(independently from the use of multiple contact points), and that the emitted light does correspond to
the targeted m-plane emission, which is a clear improvement as compared to the initial sample.
However, this assessment would be incomplete without the electrical properties of the sample, and its IV

characteristic presented in Fig. V-18.
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Figure V-18: /Vs taken Dy repeated measurements on the whole sample.

Fig. V-18 shows the IV obtained on the sample used for the previously presented EL measurements.
One of the visible improvements featured in this sample is that the IV curves are more reproducible than
for the first device. Their behavior is also more stable and features a gradual nonlinear rise in positive
biases that could be attributed to a LED behavior. However, the graph is still dominated by leakage
currents, which are visible from the mostly linear shape of the curve for positive value, and a leakage
voltage close to 0 V. The leakage current in reverse bias is higher than the operating current for a
similar positive bias, at which the EL is observed. This suggests that the device provides a strong
leakage path for the current to follow. While there is for the moment no clear origin of this issue, Ag-
nanowires are suspected to be responsible for leakage paths by conduction toward the n-side in
tears/holes in the membrane, but also because it is currently unclear if the contact between Ag-

nanowires, the thin Ni/Au p-GaN contact and the p-GaN itself is ohmic.
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2.2.3 MEASUREMENTS UNDER BENDING AND AN ALTERNATIVE TRANPARENT CONTACT USING
SINGLE-WALLED CARBON NANOTUBES

One of the main objectives of the present work is to develop devices having a strong flexibility. This
can be easily evaluated by bending the sample during current injection. The LED can be bent by hand,
as it is shown in Fig. V-19(a), but this method does not allow to quantitatively assess the property
variation with bending. In the framework of the PhD thesis of Jules Duraz at C2N, a specific apparatus
has been built in order to measure the luminescence of the sample while applying a controlled bending to
it, as presented in the Fig. V-19(b,c). In this apparatus, the bending radius of the membrane is
controlled by applying the sample onto a cylinder of a desired curvature. The sample is maintained on
its sides with two metal cylinders, while the central part is kept free to provide access to the optical fiber
and can be used for EL measurements. This setup is however designed for samples of a size below 1 cm?

so that we had to cut a region of our LED devices with scissors.

Figure V-19: (a) Flexibleflexible device being bent by hand during operation, (b) image of the apparatus
for measurements under controlled bending, and (c) scheme of the apparatus presented in (b) with the

membrane in red.

It was chosen here to cut a small region of the previously presented LED (approx. 5 mm x 1 cm).
However, the small size of the device implies that the spin coating of silver nanowires might be
detrimental to the sample. Indeed, the spreading of a high quantity of Ag-nanowires toward the sides of
the device induces a non-negligible risk of short circuits, and it was chosen to drop-cast a small quantity
of Ag-nanowires on this sample. This electrical contact was complemented by the addition of Single Wall
Carbon NanoTubes (SWCNT), that were dried transferred and densified using isopropyl alcohol®. This
addition was justified both by the poor electrical and optical properties and the small amount of Ag-
nanowires. The optoelectronic properties of the samples were measured at different points, as presented
in Fig. V-20
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Figure V-20: (a) Pictures of an LED with Ag-nanowire +SWCNT under electrical injection, and EL
spectra taken by repeated measurements under a 15V pulsed bias at two different locations (b) and (c)

in flat conditions.

Fig. V-20(b) shows that this sample features 400 nm sidewall emission in some areas. However,
most of the emission is dominated by the signal coming from the junction between semi-polar and non-
polar QWs around 450 nm, as seen in Fig. V-20(c). This could be caused by the use of dry transfer of
SWCNTs, that could contact preferentially the top of the structures and not conform to the GaN

nanowires’” shape.
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Figure IV-21: Flectroluminescence spectra, corresponding to repeated measurements taken under

bending with a 3 mm radius of curvature under a 15V pulsed bias at two different locations (a) and (b).

The EL spectra taken under bending are presented in Fig. V-21, and the sample exhibited a decrease
in intensity as observed by a naked eye. We suggest that this issue is caused by the nature of the p-
contact. Indeed, because the silver nanowires and SWCNTs are not bonded together and to the LED
structures, the bending might disturb the mesh continuity In this case, a smaller proportion of the GaN
nanowires could be contacted, which would result in a net decrease of the intensity. Another observation
that supports this hypothesis is that most spectra under bending are dominated by the contribution from
the top junction non/semi polar QWs of the nanowire, and the sidewall contribution is much less present
in the data. This suggests that the p-contact are now mainly injecting the top of the nanowires, which

also suggests that the contact array was modified by the bending.

In the last paragraphs, some clear issues have been noted with the electrical injection of the samples,

and the p-GaN contact is the main suspect for this phenomenon. The silver nanowires particularly have
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been suspected of being responsible of some of the issues seen in the device. For example, a high
resistivity due to a sheer number of contacts between silver nanowires could be responsible for spreading
issues. They could also be responsible for the instabilities of the device, as an inhomogeneous repartition
of the Ag-nanowires would lead to large biases across some of the wires, would lead to their oxidation or
even melting through resistive heating. Inhomogeneities in their density could be responsible for the
inhomogeneous behavior observed in the big samples (Fig. V-15). Last, because they are deposited
through spin coating or drop casting, controlling their positioning is challenging, and they may be
responsible for short-circuits extending in the holes of the PDMS membrane. The use of a complemented
SWCNT contact on the currently presented sample offers an occasion to assess the effect of the Ag-
nanowires on the injection. Indeed, dry-transferred SWCNT is expected to hold the same role as Ag-
nanowires, namely spreading the electrical contact between nanowire through an electrical contact with

the Ni/Au. An IV curve was taken at several locations on the sample and is presented in Fig. V-22.
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Figure V-22: IV characteristic taken Dy repeated measurements on a sample featuring a hybrid p-GaN
contact with a thin Ni/Au layer, Ag-nanowires and SWCNTs

Fig. V-22 shows the IV curve of the sample presented in the last paragraph, which features an
improvement of the characteristic in comparison with Fig. V-18, especially when it comes to the reverse
branch. Indeed, the leakage current under negative bias remains quite low up to around -5V, a behavior
that was not observed in previous samples which started leaking from very low biases. The positive bias
side of the curve also features some amount of non-linearity, which also indicates that the sample
exhibits a diode like behavior, even if clear signs of leakage currents are still present. While not
groundbreaking, this result confirms that the use of other solutions for the p-contact might solve some of
the issues observed and entirely replacing the Ag-nanowires by SWCNTs or another material for current
spreading could be a way to limit the amount of leakage in the sample, if it does not come at the cost of
the sidewall injection. This change was planned as part of this PhD but has not been realized because of
time constraints. However, the improvements showed in Fig. V-22 are limited and suggest that other

issues are at play. For example, it is possible that the contact between Ni/Au and p-GaN is non Ohmic
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due to a barrier created by etching damages. Steps have been taken toward elucidating this potential

issue, and will be presented in the next paragraph

2.3 FURTHER OPTIMIZATION: TILTED P-GAN CONTACT

As explained in previous paragraphs, the p-GaN contact is suspected of being responsible for
most of the issues observed on the device. In the original process reported by Dai et al*, the deposition
of a thin semi-transparent Ni/Au layer on top of the nanowires was performed prior to the PDMS
encapsulation. This allowed to anneal the Ni/Au in oxygen, which improves the electrical properties of
the contact®®. Additionally, inductively coupled plasmas have been shown to be detrimental for the p-
GaN* and it is suspected that the Ni/Au protects the sample during the PDMS etching step. However,
depositing the Ni/Au before PDMS encapsulation requires to cover the feet of the nanowires with resist
for two reasons. The first reason is to isolate the feet (n-GaN) from the p-GaN contact. The second
reason is that the electrical contact adheres to the PDMS a lot more than the SiNy of the mask which

makes the peel off impossible without destroying the membrane.

However, for similar reasons than the one presented for the PDMS in the previous paragraph,
using SAG nanowires introduces new challenge to address, and makes this part of the process more
complex. Indeed, the thickness of the layer cannot be directly controlled by spin-coating parameters as in
the case of self-organized nanowires. Indeed, due to capillary effect, the lithographic resist covers the full
nanowire length, so the process must include a step to remove the excess resist from the top. And as
stated in 2.2.1, the smaller size of the nanowires means that the desired thickness of the resist layer is

much smaller, typically of the order of 1pm, which is more difficult to control.
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Figure V-23: Process of resist deposition on the feet of the nanowires. The substrate is first bounded to
a support with a few droplets of AZ 5214 (a). The support of the nanowire is then covered with AZ 5214
(b), and the AZ 12XT resist is spin coated. The sample is then exposed to UV light (d), and the resist is

developed by 20 seconds increments. () SEM picture of a sample at the end of the process

The process goes as follow. First, the sample is bonded to a support that can be used on a spin
coater (Fig. V-23 (a)), in our case a dummy Sapphire wafer. To do so, a few droplets of AZ 5214 are
deposited on the backside of the sample, which is deposited on the support and subsequently annealed.
When the resist sticks the sample and the support together, additional resist is applied to the side of the
sample (Fig. V-23 (b)). This prevents the arising of inhomogeneities on the side of the sample during
spin coating. The samples are then annealed following the instructions of the provider. When the resist is
fully cured, an AZ 12XT photolithographic resist is spin coated on the sample (Fig. V-23(c)), fully

covering the nanowires, and subsequently annealed following the instructions of the provider. The sample
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is then exposed to a UV source. It should be noted that the irradiation dose of the resist is going to
directly impact the depth at which the resist is going to be developed, and in the case of this work, a
dose of 185 mJ.cm™. The sample is then developed in an AZ 726 MIF bath by increments of 20 seconds,

checking systematically with an optical microscope when the nanowires are exposed.

While Fig. V-23(f) demonstrates the feasibility of such process, numerous issues need to be
addressed. First, the process is not very reproducible, as the thickness of deposited resist and the speed
at which it is etched by the developer will vary from sample to sample. Hence, the final thickness of
resist is not going to be the same on all samples, which will impact the amount of injected area per NW
in the final device. Another issue is that the resist is prone to compression during curing. This will
manifest itself by the appearance of ridges in the resist layer once cured, that follow directions set by the
nanowire array (Fig. V-24(a)). In some extreme cases, that might have been influenced by the variation
of atmospheric parameters in the cleanroom, the compression of the resist was strong enough to rip the
nanowires apart from the substrate, which ended up destroying the samples (Fig. V-24(b)). This shows
that significant efforts are required for optimization of this process, both in the choice of the resist and in
the parameters used. This has unfortunately not been performed during this PhD due to time

constraints.

(a)

Figure V-24: Issues caused by the use and development of a lithographic resist on a nanowire array. (a)
Presence of cracks in the resist layer due to resist contraction. (b) Ripping of the nanowires form the
substrate due to contraction. The presence of numerous cracks is also evidenced by the anisotropic

development. Both samples were observed after resist deposition, annealing, exposition and development.

Once the step presented in Fig. V-23(f) is reached, the sample is ready for metal deposition.
Because the metal contact is realized on the sidewalls of the nanowires, the sample needs to be tilted to
a sufficient angle to allow the deposition of a conformal and continuous metal layer. However, the tilt
angle is also limited by the density of the array, as shadowing effects may arise when the angle gets too
high, depending on the pitch of the structures and their height. In this case, part of the sidewalls would
not be covered by the p-contact. Working with samples without a resist protection, it was found that a
tilt angle of 25° was appropriate for the sample used in this PhD, as demonstrated in the Fig. V-25.
Despite these first round of results being unsuccessful, Figure V-23(f) clearly demonstrates the feasibility
of this process, and additional steps need to be undertaken to identify the critical parameters for making

this method reliable and repeatable.
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Figure V-25: Tilted Ni/Au deposition on the sidewall of a nanowire array at a tilt angle of 25°, and
without mask protection from the resist. The metal contact forms a smooth layer on the sides of the

nanowire, while the shadowing effect is visible on the mask.

3. CONCLUSION

In this work, we demonstrated the elaboration of a flexible device with embedded SAG InGaN/GaN
nanowire core shell LED structure, adapting a process presented in a previous report® from self-
organized nanowires to SAG nanowires. The electroluminescence of the device was measured and allowed
to evidence the sidewall emission of the sample. However, some clear issues were demonstrated by the
obtention of a leaky IV characteristic as well as a discontinuous and unstable light emission. Some clues
were given toward optimizing the device and reaching a strong and homogeneous emission from the
device. However other approaches described in the literature need to be considered: Among these
approaches, one in particular is of significant interest, and consists in using 2D materials as a way to
limit the adhesion of the grown structures to their host substrate. In the next chapter, we will provide
some information on the attempts made during this PhD of using this property by growing light

emitting structures on a well-known 2D material, graphene.
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Chapter 6 :

GaN nanostructures on graphene
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In the previous chapter, a method for the elaboration of flexible Light emitting devices has been presented.
However, this method is not the only strategy that has been used for the fabrication of such devices.
Among the method used, one consists in using 2D materials for the growth of the heterostructures. Indeed,
as explained in Chapter 1, growth on such materials results in a low cohesion between the grown material
and its substrate, which is particularly interesting when it comes to peeling-off the structure off their
substrate. In this PhD, some attention has been given to the growth on 2D materials, specifically on
graphene. This work will be reported in this chapter. The methods used will be presented, along with a
state of the art about MOCVD growth of GaN nanostructures on graphene. The structural properties of
the samples have been studied, and a growth mechanism has been proposed. Last, the obtained
nanostructures will be used for the growth of an InGaN/GaN heterostructure for their potential use in

optically active components.
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1. MOCVD GROWTH ON GRAPHENE: A CHALLENGING PROCESS

1.1 GROWTH AND PROPERTIES OF GRAPHENE USED

The first graphene elaboration is usually attributed to Novoselov et al' by exfoliation, but its
properties were predicted decades ago?, and that some earlier reports observed a material with similarities
with graphene®*. There are today a variety of processing resulting in the formation of graphene, such as
mechanical exfoliation®, electrochemical exfoliation®, CVD growth on various metals’, and Si sublimation
of SiC®. Graphene properties such as the number of layers, coverage of the substrate, domain size and
defect density vary from one method to another, due to different involved growth mechanisms. This PhD
work is only focused on graphene from CVD growth on SiC, which allows to achieve key-advantages as
the complete coverage of the substrate by the graphene, the ability to work with monolayer graphene, and

the low defect density.

When talking about CVD of graphene, it is important to mention one of the most popular methods in
use: the graphene growth on metallic foil (usually copper) using methane/hydrogen CVD?. Indeed, this
CVD method allows to get high coverages of graphene on commercial copper foil that drastically reduces
the price of the process compared to process using crystalline wafer substrates. The growth on this substrate
allows also to easily transfer the graphene on various substrates. However, the graphene itself is defective
as can been seen on the SEM image of the Fig. V-1. Moreover, the direct use of graphene on copper is
proscribed in a MOCVD setup, because the presence of copper in the chamber would lead to the
uncontrolled growth of GaN parasitic structures on both the substrate and the parts of the reactor that

could be contaminated with metal particulates.

Figure VI-1: SEM picture of graphene grown on copper foil with various common features (1: uncovered

copper; 2: bilayer graphene; 3: trilayer island; 4: grain boundaries) from ref. *°

Hence, the option chosen in this PhD work is the use of graphene directly grown on SiC substrate by CVD.
This process has several advantages. First, it does not require any transfers, as SiC has been commonly
used as a substrate in MOCVD growths. Second, more interestingly, the properties of the graphene can be
directly controlled, such as the number of layers, its poly or monocrystallinity nature, or its rotational
order relative to the SiC'. In the next paragraphs, we will talk in more details about the properties of SiC

and graphene, and the process used to produce monolayer graphene on SiC.
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1.1.1 SiC, CRYSTALLOGRAPHIC STRUCTURE AND POLYTYPES

SiC is a semiconductor of the IV/IV family. The bandgap varies with the crystalline structure of the

material but is usually indirect and between 2.2 and 3.3 eV*'%

When it comes to its crystalline structure, SiC has three main reported phases: a cubic Zinc Blende,
a hexagonal Wurtzite structure and a thombohedral structure®. However, this material is known to have
a large variety of possible crystal'® structures due to polytypism. This property consists in the existence of
several crystalline structure sharing the same structure in the basal plane, but with different stacking. The
notation for SiC polytypes consists in a letter indicating the base crystal structure (H, C and R for
Hexagonal, Cubic and Rhombohedral respectively), as well as a number corresponding to the bilayer
periodicity of the stack. For example, the basic wurtzite structure polytype corresponds to an AB stacking
of two bilayers and is hence noted 2H-SiC, while the Zinc Blende structure consisting of an ABC stacking
of 3 bilayers is noted 3C-SiC.

(a) (b) (c)

B B- B_
= =

A C A
B B- -B=
A A- C-
: O z| L Al
g A glcl sl [

2H-SiC
(Wurtzite)

Figure VI-2: Stacking order in different hexagonal polytypes of SiC: (a) Wurtzite, (b) 4H-SiC, (c¢) 6H-
Sic’

In the scope of this work, the goal was to grow graphene and Ill-nitrides on top of the SiC. Both
materials are expected to have a hexagonal basal structure, and hence, two hexagonal polytypes of SiC,
4H-SiC and 6H-SiC have been used to achieve remote epitaxy of GaN on SiC through the graphene layer.
Both structures, presented in Fig. VI-2, are commercially available and have been already successfully used
to grow graphene'"" by the group of A. Michon from CRHEA (CNRS).
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Figure VI-3: Polarities of SiC around the (0001) vertical bound

Due to the wurtzite arrangement, the H-polytypes of SiC exhibit polarity, much like III-nitride
compounds. Here again, an electronegativity difference existing between Si and C involves spontaneous
polarization. In 4H and 6H-SiC, the value of this polarization is significantly lower than in nitride materials,
except for the 2H-SiC polytype that is comparable to that of GaN®. In the case of 4H and 6H-SiC that
have been used in the PhD, the estimated values of polarization given in ref ® are of the order of 1 -
1072C.m™2, which is about three times lower than reported values for GaN'. Si-polar and C-polar surfaces
(Fig. VI-3) have different thermochemical properties for similar reason to the ones explained in Chapter 1
for nitrides. Hence, it is important to take this parameter into account for the growth on SiC, as it will
influence the properties of the grown structures, particularly graphene, as will be specified in next

paragraph.

1.1.2 BUFFER ASSISTED GRAPHENE SYNTHESIS ON SiC

Before explaining how SiC can be used for graphene growth, the structural characteristics of graphene
will be presented. Graphene is a 2D material consisting of a single layer of sp? hybridized carbon atoms,
which means that each atom is bounded to three other neighboring atoms and shares a short-range
delocalized T electron'”. With such configuration, this material does not have any dangling bond. The
atoms are organized in a characteristic honeycomb structure'®? (Fig. VI-4 (a)). The band structure of
graphene is unusual, as it is neither a true semiconductor nor a metal, but strictly speaking a null bandgap
semiconductor'®'? (Fig. VI-4 (b)). The band structure corresponds to the energy levels of the bonding and
anti-bonding orbitals of the m electrons, and the point where they meet is called the Dirac point. Graphene
can be considered as a single graphite monolayer and stacking several graphene monolayers on top of each
other will result in coupling between the layers, leading to a gradual collapse of the graphene properties

towards graphite properties.
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Conduction

Figure VI-4: Crystal structure of a single graphene sheet (a) and corresponding band structure (b)(taken

from ref. ®)

The fabrication of graphene on SiC was first reported by preferentially sublimating the Si, leaving an
excess of C atoms that can reconstruct into graphene layers*?2. While sublimation is not the method used
in this PhD, propane-CVD, both processes share some mechanisms®, such as the formation of a buffer
layer. Indeed, in the case of Si-polar SiC, the graphene formation starts with the formation of a buffer
carbon layer, which is referred to as the 6v/3 x 6v/3 — R°30, which will be simplified to 6v/3 or buffer
here?*. This layer shares similarities with the graphene, as its crystalline structure and lattice parameters®,
but this layer is partially covalently bonded to the SiC itself, and hence contains a significant amount of
sp? carbon atoms?. The 6+/3 layer is also rotated with respect to the SiC, which allows to create a super
lattice with it. This layer has no dangling bonds and can therefore be used as a buffer for the subsequent
VAW of graphene, which follows the crystallographic direction of the 6v/3 layer. This make possible to
grow large domains of monolayer graphene (1LG), since the graphene growth is driven by surface
reconstruction on a partially sp? buffer, and can be controlled with greater precision, especially when the
process is carried out under argon rather than vacuum?®. The presence of this buffer is thought to be a
necessary condition for the growth of 1ILG!Y, as its absence on C-polar graphene is thought to be responsible
for the growth of multiLayer graphene (MLG) with rotational disorder®. However, while this process
produces high-quality graphene, it necessarily means that there is always another 6v/3 layer underneath,
as shown in the Fig. VI-5(a).
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Figure VI-5: Graphene grown on a 673 buffer layer on SiC' (a) and quasi-free-standing graphene on
hydrogenated SiC (b) (taken from ref * )

However, there is another way to realize this fabrication, which is to provide an additional source of
carbon (in the present case propane) for graphene growth, making this process a CVD process'*%. Tt

should be noted that despite propane being a carbon contributor for the graphene formation, the
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sublimation of Si and surface reconstruction of SiC carbon atoms is still occurring?. In propane-CVD, it
is also possible to grow graphene on Si-polar SiC without having to rely on the formation of a buffer layer.
Indeed, several reports showed the possibility to decouple entirely the buffer layer from the SiC by
annealing it under H, atmosphere®?* by hydrogenation the SiC-6v/3 bonds, as shown in the Fig. VI-5(b).
Michon et al'' from CRHEA reported that the H, addition during growth leads to the hydrogenation of
the SiC prior to the growth of the buffer layer, which allow a direct growth of a single layer of graphene.
However, because the 6v/3 buffer layer is expected to have an impact on the quality of the graphene,
growing graphene on hydrogenated SiC leads to a multidomain graphene with different co-existing

rotations, as is the case on C-polar graphene!.

In the scope of this work, the method used to fabricate graphene on SiC was propane CVD. The
precise conditions used to grow the graphene are specified in 2.3.1. It has been chosen to work with 1LG
graphene, and MLG graphene grown with H, introduction on the Si-polar SiC. There are two reasons for
this choice. The first one is that the apparatus on which the growth was performed is not optimized to
work with C-polar SiC, and the growth would have yielded a lower quality graphene. The second is that
the polarization of the underlying substrate can influence the subsequent growth on graphene in the case
of remote epitaxy, as will be discusses in 2.3.1, and using this method allows to work with the same polarity
of SiC.

2. GROWTH OF TETRAHEDRAL STRUCTURES ON GRAPHENE/SiC

Having presented the materials used as substrates in this study, the growth of GaN on such substrates
can be presented. In the next paragraph, we will discuss about the issues of growing GaN on graphene, as

well as the method used in this work to successfully grow GaN nanostructures on graphene/SiC.

2.1 ISSUES WITH MOCVD GROWTH ON A 2D MATERIAL

The presence of dangling bonds is partly responsible for surface energy and adatom adhesion during
epitaxial growth. The complete absence of these dangling bonds in graphene involves a very low surface
energy, which limits the ability of the adatoms to nucleate, and extends their diffusion length. This is

responsible for several phenomena reported in the literature:

- Nucleation at defects sites : defects in graphene lead to the presence of sp® hybridized carbon
atoms, which have an electronic cloud in a volume, unlike the planar sp? hybridized carbon
atoms that form graphene. This sp? hybridization requires the presence of 3 surrounding
carbon atoms. Therefore, carbon atoms located around vacancies, extrinsic defects, or domain
boundaries exhibit a sp® hybridization, providing dangling bonds that act as preferred
nucleation points.

- Nucleation promoted by extended holes in the graphene : the presence of holes in the
graphene provides both carbon atoms in sp® configuration and openings to the underlying
substrate. If the substrate under the graphene is crystalline, such as Si, SiC or Sapphire, the
difference in surface energy leads to an adatom accumulation and subsequent nucleation at
this point. This was pointed out by Tessarek et al**, who reported the growth of GaN
nanowires on sapphire through holes in the graphene (see the Fig. VI-6(a)). This issue is

problematic, as the growth of the GaN through nano-scale openings in the graphene cannot
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always be noticed, even by means of TEM microscopy, since it would require the sample
thinning by FIB to be realized exactly at the location of the opening. Defective graphene
grown through copper-CVD and reported on sapphire have been successfully used to grow
nanowires in this work, however these results were quickly discarded. To confirm this idea,
growth performed under the same conditions on epitaxial graphene on SiC did not allow to
grow any nanowire. Indeed, Fig. VI-6(b) shows a SEM picture of a graphene/SiC substrate
used in a nanowire growth, which resulted in the growth of pyramidal crystallites. This result
suggests that nanowires grown on transferred graphene on sapphire, as shows in Fig. VI-6(a),
occur through holes in the graphene. It should be noted that some impactful studies failed to
mention this issue, such in the case in ref *. Indeed, the authors reported the growth of GaN
nanowires on transferred graphene but the remote epitaxy of GaN on graphene with 3 layers
or more could not be performed. However, remote epitaxy on multilayer graphene with more
than three layers has since then been performed, and this effect can probably be explained
through a very low density of defects extending through all 3 layers of graphene, providing a

window to the sapphire.

In addition to the nucleation promoted by defects and holes, there are other issues arising from the
low surface energy of graphene. First, assuming that defect nucleation is not dominant, the nucleation
density is expected to be low, because the adatom diffusion length is expected to be longer on a 2D
material, and hence the distance between two nucleates may be longer. Second, due to the low nucleate
density, there is also an accumulation of adatoms on the graphene surface, which leads to the formation
of Ga metallic droplets on the surface. While they do not pose any issue during the growth, since their
presence is related to the lack of reaction between gallium and nitrogen, they could be potentially

problematic for subsequent steps in the process.
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Figure VI-6: SEM images of GalV growth under nanowire conditions on graphene grown on copper foil
and transterred to sapphire (a) and on epitaxial graphene over 6H-SiC (b). Droplets on a sidewall of a
platelet structure grown on transferred graphene, hypothesized as being Gallium droplets (c). (all
growths were performed in the scope of this PhD)

An example of these issues is presented in Fig. VI-6, which refers to experiments carried out for this
thesis at PHELIQS (CEA-Grenoble). In this figure, both samples (Fig.VI-6 (a,b)) have been submitted to
the same GaN growth under nanowire conditions, including a nucleation step followed by silane-assisted
growth. The samples differ in the substrate used: one is sapphire covered with transferred graphene grown
by CVD on Cu, and the other corresponds to an epitaxial graphene monolayer on 6H-SiC. In both cases,
droplets have been observed on some of the structures, such as exhibited on Fig.VI-6 (c). Similar features
have been observed in comparable systems and have been identified has being Ga metal droplets which
show the difficulty to nucleate crystalline material on graphene. The striking difference observed when
comparing the two samples is the achievement of nanowire growth only for the sample with transferred
graphene. This observation is consistent with the growth driven by hole nucleation, following a similar
mechanism as seen in SAG, where the holes act as a sink for incoming adatoms. This assumption is
reasonable with respect to the defect density in the graphene layer. Note, however, that the wire density
on graphene is still lower than the direct growth on sapphire. On the contrary, the growth on epitaxial
graphene on SiC with very low defect density leads to the formation of pyramids usually related to the
WdV epitaxy of GaN* 0. We assume that this modification of growth mode is responsible for the absence
of nanowires, which could be caused by a preferential passivation of the semi-polar planes by SiNy instead

of non-polar, that stops the vertical growth of the nanowires.
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2.2 TETRAHEDRAL GaN STUCTURES IN THE LITTERATURE

In the context of this work, the main object of study has been GaN nuclei in the shape of tetrahedra
especially for growths on SiC, that we may refer to as nano-tetrahedron (Fig. VI-7). These 3-fold symmetry
structures are unusual in the case of GaN nanostructures based on semipolar planes, which usually have a
6-fold symmetry. In this paragraph, we will provide a short review on this shape of nuclei and attempt to

explain the formation of such structures.

(a) triangular lines
(defect related ?)

/
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/
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Figure VI-7: (a) schematic representation of a typical GaN nano-tetrahedron, and SEM images of these
structures grown on 1LG/6H-SiC (b) and on MLG/4H-SiC' (ref'*)

The presence of tetrahedral GaN structures has already been reported in the literature, usually

3536 pointed out the basic

observed when the growth is performed on graphene. The study by Journot et al
properties of such structures grown on graphene over SiC, concluding a remote epitaxy of the WZ-GaN on
SiC through the graphene. The study® pointed out the presence of tetrahedra for VAW epitaxy on graphene
with, whereas hexagonal pyramids were obtained in the case of direct growth on SiC substrate through
holes or defects in the graphene. C. Barbier® also mentioned the presence of such tetrahedral structures
on graphene transferred to amorphous SiO,/Si substrates, which suggests that this 3-fold structure results
from Van Der Waals epitaxy on graphene, regardless of the nature of the underlying substrate. This latter
study evidenced the presence of stacking faults in the structures, but more importantly that the structures
themselves followed a mainly Zinc Blende crystal structure with WZ-GaN inclusions, unlike the previously
mentioned structures obtained on graphene/SiC3*3¢ It should be noted that such structures were also
featured in other reports of growth on graphene in which they were not the object of interest and have
hence not been characterized® *°. Last, it is interesting to note that this tetrahedral geometry has also been
40,41

described in GaN grown on substrate without graphene such as SiN./sapphire and in IIl-arsenide

compounds*.

2.3 IMPACT OF THE NUMBER OF GRAPHENE LAYERS

2.3.1 NUCLEATION

Assuming a pure Van Der Waals epitaxy3*, we expect no impact from the number of graphene layers
on top of the substrate because the top graphene layer drives the growth. In remote epitaxy®=%, the growth
is explained by the electrostatic coupling®4 % between the GaN and the potential field*® of the underlying

47,48

crystalline substrate because of field penetration through the graphene**®. Therefore, growing on

multilayer graphene will induce a larger distance and the underlying substrate. This could hence modify
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the mechanisms of growth if this distance gets high enough, as the grown GaN would not be

electrostatically influenced by the substrate®.

As part of this work, we have hence tried to grow GaN nano-tetrahedron on both a mono and
multilayer GaN on SiC, has it could give key information on the growth mechanism of these structures.
The growth conditions of graphene on 4H-SiC are reported in Ref. *. For the 1LG sample, the growth was
performed at 1550°C and 800mbars for 15 minutes, and the gas fluxes were maintained at 10slm, 1slm and
10scem for Ar, Hy and CsHs respectively. For the MLG sample, the growth was performed at 1450°C for 5
minutes, under a Hs flux of 12slm, all other parameters being kept similar. This difference in H, flux is one
of the key parameters for the obtention of MLG instead of 1LG, as it allows to decouple the 6v/3 buffer
from the SiC into a standalone graphene layer by saturating SiC with hydrogen. Hence, the 1LG graphene
is expected to feature a 6+/3 buffer, while the MLG features a SiC with dangling bonds fully passivated by
hydrogen, as explained in 1.1.2. The MLG is expected to have between 3 and 5 graphene layers. The GaN
growth step was carried under the same conditions for both samples, as they were processed in the same
run of an MOCVD process. The samples are first annealed under NH; as described by Journot et al. 353®
in order to prepare the surface for growth. The GaN growth was then performed at 950 °C and 150 mbar
for 150 s. The gas fluxes were maintained at 67 mmol.min? and 135 pmol.min? for NH; and TMGa

respectively.

Figure VI-8: Low magnification SEM images of tetrahedral GaN structures grown on 4H-SiC' covered
with a single graphene layer (a), and with multilayer graphene (b). (ref')

Low magnification SEM images of the 1LG and MLG samples after GaN growth are presented in
Fig. VI-8 and show several differences, such as a higher density and an isotropic distribution of the nuclei
on the 1LG sample. Assuming remote epitaxy, the higher density could be a consequence of the distance
from the SiC, that could help promoting nucleation on the 1LG sample because of its proximity. However,
it is difficult to conclude since different samples have yielded a variety of nucleation densities, which also
tend to modify the size of the structure. However, what can be observed is that the crystallites tend to
nucleate following lines on the 1LG sample (Fig. VI-8 (a)), while the crystallites on the MLG sample seem
to be randomly distributed (Fig. VI-8 (b)).
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Figure VI-9: High magnification SEM images of tetrahedral GaN structures on 4H-SiC' covered with a
single graphene layer (a) and with multilayer graphene (b). (¢) AFM scan showing the surface step of a
1LG/4H-SiC stack before GaN growth.

Fig. VI-9 gives an explanation to this behavior. Indeed, it is possible to see the presence of lines
on the 1LG sample, corresponding to the atomic steps of the underlying SiC. This presence of steps is
especially amplified on this sample because, as was seen in Fig. VI-9(c), AFM measurements revealed the
presence of step bunching. The edge of the steps are areas propitious for nucleation, as they feature a
higher density of dangling bonds in the SiC. Hence, it has been observed that on samples covered with
1LG, the nucleation tended to occur near atomic step edges, and formed recognizable line patterns of
nucleation. On the other hand, the MLG sample does not share this behavior because of the presence of
additional graphene layers. The presence of additional graphene layers indeed helps smoothing the surface,
which can be directly seen from the SEM, as the features associated with the presence of steps are absent,
and we instead see on the images contrasts that could be caused by a local variation of the number of
graphene layers. It also creates a larger distance between the growth surface and the underlying SiC,

which limits the influence of higher densities of dangling bonds near the step edges.

Additionally, another difference between growths on 1LG and MLG is the orientation of the
tetrahedra. Indeed, on the MLG surface, we notice that all the tetrahedra follow a single common
orientation, which is expected in the case of remote epitaxy, as it is the case when growing GaN on
graphene over SiC. However, the 1LG features two populations of tetrahedra with different orientation,
that have a relative angle of 30°, as shown by the triangles of different color in Fig. VI-9 (a). The
explanation can be directly found in the process used to grow the graphene. Indeed, the rotation of 30° is
characteristic of the 6v/3 buffer, and one can then assume that part of the tetrahedra were oriented
following the buffer instead of the SiC. Indeed, while the graphene is also rotated at an angle of 30° relative
to the SiC, it is not polarized, and the presence of a polarization field due to the ionicity of the Si-C bound
is the main influence driving the organization of adatoms into nuclei®®. Hence, the presence of the buffer
introduces new electrostatic field that might also influence the nucleation of GaN. The presence of both
orientations on the substrate shows that the influence of both the 6v/3 buffer and the SiC are of comparable
strength. This is why on the multi-layer sample in which the buffer is absent, only one common orientation
is found (Fig. VI-9(b)).

2.3.2 X-RAY DIFFRACTION AND ELECTROSTATIC INFLUENCE

In the previous paragraph, it was assumed that the growth occurred following remote epitaxy on the

SiC through the graphene, as previous work®+$ observed on similar system. However, it was shown that
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the crystallinity of the nano-tetrahedra could vary from ZB to WZ, and could occur through either Van
der Waals or remote epitaxy3*3¢. Hence, when working on this system, it is necessary to carry adequate
characterization to check both the crystallinity and the growth mode. One of the best tools to do so is to
use X-ray diffraction, as it allows to measure the crystallinity of both SiC and GaN, as well as the strain
state of the GaN nuclei, which is critical because both VAW and remote epitaxy are expected to yield fully

relaxed GaN. The methods used here were introduced in Chapter 2.
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Figure VI-10: 2-Theta-omega scan on 1LG and MLG samples.

The first measurement was to do a full range 2theta-omega scan, presented in Fig. VI-10. This
allows to check the crystallinity of the samples and the substrate, if the GaN nuclei were ZB or WZ
structures in the present case. Similar to previous reports of tetrahedral growth on graphene SiC, the only
observed peaks corresponding to GaN were WZ-GaN families of planes. The peak observed for both samples
corresponded to either the (0001) family or the (1011) family of planes suspected to correspond to the
pyramidal facets of the tetrahedra.
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Figure VI-11: 2theta-omega X-ray diffraction diagram of the GaN structures around the (0002) peak for
both 1LG and MLG

Fig. VI-11 shows the 2theta-omega X-ray diffraction diagram, which is used to measure the strain
state of the GaN. In both the monolayer and multilayer case, the peak (0002) is centered around 34.57°,
which is expected for relaxed GaN®***. Hence, it can be concluded that the growth does not occur through
covalent epitaxy, as direct epitaxy on SiC leads to significant strain in the GaN material. The growth is
driven through either VAW or remote epitaxy, and not through openings in the graphene. In both cases,
the peak features some amount of asymmetry suggesting the presence of residual strain. It could be caused
by the presence of a small number of nuclei growing through openings in the graphene, or because of WZ

to ZB transition in the crystal during growth, which will be discussed further in 3.2.
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Figure V-12: Phi-scan around the (0001) axis for GaN grown on ILG (a) and MLG (b) grown on SiC.
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A subsequent Phi-scan was performed around the (0001) axis for both samples, showing the (1101)
reflections for both the GaN and the SiC to check the relative crystallographic orientation in the basal
plane of GaN relative to the SiC substrate (Fig. VI-12). In both cases, the presence of a peak with a 60°
repetition for both the GaN and SiC is observed. More importantly, the fact that the peak associated with

GaN and SiC concur proves that the growth was done by remote epitaxy.
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Figure VI-13: Omega-scan centered around the (0002) and the (1011) peak for GaN on both 1LG and
MLG samples. (ref')

The last characterization that was made using XRD was Omega scans around the (0002) and (1011)
peaks of GaN, as they allow to quantify the tilt and twist respectively of GaN nuclei® (Fig. VI-13).
Comparing the (0002) peak on both samples, the FWHM of the MLG sample (~0.23°) is more than twice
as high as than the one on the 1LG (~0.1°), meaning that the nuclei have a higher tilt on this sample. It
could be due to a stronger coupling with the [0001] direction of the SiC in the 1LG sample due to a shorter
distance between SiC and the GaN, or it could be caused by a nucleation at the boundary of an additional
graphene layer on the MLG sample. However, the critical difference between the two samples occurs on
the (1011) peak. Here, the FWHM is roughly four times higher on the 1LG sample (~1.2°) than on the
MLG sample (~0.35°), revealing a lower twist of GaN grown on the MLG sample. This is surprising as one
would expect a higher coupling of the GaN to the SiC with a single layer, but, as stated previously, the
presence of the buffer could create disturbances in this coupling. Hence, the competition between the SiC
and the buffer electrostatic influences leads to a poor coupling between the deposited GaN and SiC, and
therefore a poor orientation homogeneity on such 1LG substrates. This is constituent with the observation
made on Fig. VI-9(a), that show that some of the nuclei grown on the 1LG sample have a 30° rotation

relative to the other nuclei, which corresponds to the relative rotation of the buffer with the SiC.

In conclusion, we have checked with this characterization method that the growth of GaN on graphene
on SiC occurred through remote epitaxy and yielded WZ-GaN tetrahedral nuclei. This process has been
done using 1LG and MLG samples and revealed that the presence of the buffer layer in 1LG samples had
detrimental effects on the homogeneity of the nuclei, as it disturbed the electrostatic coupling between the
adatoms and the SiC substrate. The use of several layers of graphene would reduce the probability of
having holes extending to the substrate, making it also a good way to avoid the presence of covalently
bonded structures. In the other hand, using too many layers of graphene will end up weakening the coupling

of the GaN to the underlying substrate, meaning that there is a maximum of a graphene layer that can be
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used for remote epitaxy. This study proves that such remote epitaxy growth can occur with 3 to 5 layers
of graphene. One solution that has not been tried in this work, and that could be an appropriate
compromise would be to use a 1LG and decouple the buffer layer before growth by annealing under H,
atmosphere. This would lead to a graphene bilayer, leading to a strong coupling to the SiC with no

disturbance of a buffer layer, with limited effect from atomic steps and limited covalent growth.

2.4 TETRAHEDRA AND GROWTH MECHANISM

Despite having elucidated some of the parameters responsible for the growth, no explanation has been
given for the unusual tetrahedral shape of the nuclei. However, the question of a 3-fold symmetry in GaN
nuclei has already been addressed. Indeed, as pointed out in several reportsi®®3! the m-planes in GaN are
not equivalent, but can instead be distinguished into two different categories, as seen in Fig. VI-14 (a),
with a 3-fold rotational symmetry. The so-called type A m-plane exhibits two dangling bonds, while the
type B m-plane exhibits only one. Therefore, under conditions not limited by diffusion lengths, the growth
of type A m-planes is expected to have a faster growth rate than type B. In the specific case of both
graphene and dielectric masks such as SiNy, the lack of dangling bonds and/or crystalline structures leads
to extended diffusion lengths, which could explain why such geometries are promoted on such substrates.

This mechanism is supported by several reports?®>05

suggesting that the triangular structure growth is
caused by the distinction between type A and type B m-planes, if the reactive species have great diffusion
lengths. Interestingly enough, because of the similarities between the WZ (0001) and the ZB (111) plane
of GaN evoked in chapter I, a very similar behavior can be seen on (111) ZB GaN with the (211) plane
family (Fig. VI-14(a)). There is however a key difference between ZB and WZ GaN in this configuration,
which is the alternation of the stacks. Indeed, as can be seen on Fig. VI-14(b), if a step is type-A oriented
on a specific bilayer, the subsequently grown bilayer will be type-B oriented, and growth proceeds through
an alternation of type-A and type-B steps. In planar structures, this phenomenon is responsible for step
bunching, as the type-A steps will grow until it catches up with the type-B step it is grown on, creating a
two-bilayer step®®!. In this case, the type-A face bilayer will grow until it reaches the edge of the type-B
face, which explains why the WZ-tetrahedra keep a triangular basal shape despite the type of the facet
alternating for each bilayer (Fig. VI-14(b)). On the other hand, the ZB structure keeps the type of the

surface during stacking, meaning that there is no step bunching, and that the sidewalls of entire facets can

be type-B, explaining the tetrahedral shape.
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Figure VI-14: (a) View of the GaN structure showing the difference between Type A and Type B of m-
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plane surfaces in a single bilayer, and (b) evolution of the type of edge in both ZB and WZ GaN stackings
(from ref™ ).

The study of the nucleation of triangular structures in MBE has been the object of several studies by
Xie et al.®®! In these studies, the authors first prove the co-existence of ZB and WZ nuclei on a N-polar
GaN buffer grown on 6H-SiC. The crystal structure was reportedly influenced by two parameters, mainly
the temperature and the ratio of Ga to N introduction. Additionally, to growth conditions, one possibility
to explain the ZB-GaN structure reported by C. Barbier®® is the presence of excess GaN on the structure
caused by an accumulation on graphene, as previously stated. On the other hand, Journot et a/**® reported
hexagonal WZ structures, which could have been influenced by the remote epitaxy on hexagonal 6H-SiC,

which was absent in the graphene/amorphic SiO, substrate used by C. Barbier3*.
Proposed growth mechanism of tetrahedral pyramids:
In our case, we propose the following growth mechanism for tetrahedral nuclei:

- upon introducing the precursors in the growth chamber, a first bilayer of GaN is deposited
(Fig. VI-15 (a)). Because of their higher density of dangling bonds, type-A crystallographic
faces outgrow type-B faces, leading to a triangular nucleus.

- The growth of a second bilayer determines if the nuclei is going to organize following a ZB or
WZ structure. In the case of WZ GaN (Fig. VI-15 (b)), despite an inversion of the types of
the facets for each bilayer, the growth proceeds until it allows the formation of stable semipolar
(1101) faces. In ZB GaN (Fig. VI-15 (c)), the subsequent layer will have a similar shape and
orientation, as the stack conserves the type of surfaces, and the growth will yield (100) type-
B faces with low density of dangling bonds. The structure (WZ or ZB) is expected to be
determined by the temperature and Ga to N ratios but could also be affected by the nature
of the growth, either Van Der Waals on the graphene, or remote through the graphene with
the subsequent crystalline substrate.

- Finally, the tetrahedron reaches a size that does not allow the diffusion of the species to the
Type-A surfaces preferentially. In many papers mentioned here, the growth is stopped before
this stage is reached, but Zhilai et a/*® report for WZ GaN that at this stage, type-A facets
start to reappear (Fig. VI-15 (e)), as they can no longer outgrow the type-B facets due to the
limited diffusion length. Continuing the growth has hence been shown to result in a gradual

shift from triangular to hexagonal shape (Fig. VI-15 (f)).
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Figure V-15: Proposed mechanism for the growth of GalN nano-tetrahedral structures: first nucleation of
the first bilayer, with a faster growth of type-A facets, leading to a triangular shape (a). The second bilayer
determines if the crystal is WZ or ZB. In the WZ case, the orientation of A and B facets is inversed in the
second bilayer (b), while it is conserved in ZB-GaN. The growth proceeds to yield a tetrahedral GaN
structure of either crystallographic configuration (d). Reportedly in the case, the growth speed of type-A

facets slows down relative to type B facets (e), transitioning toward a regular hexagon shape (f)

3. InGaN/GaN ACTIVE REGIONS ON GaN TETRAHEDRAL NANOSTRUCTURES

Having studied the structure of the GaN tetrahedral growths, the growth of active regions on such
nanostructure has been tried. The next paragraph will focus on the growth of InGaN quantum wells on
these structures, and their optical characterization by both PL and CL. Last, we will discuss how these

results can be linked to the structural study presented previously.

3.1 TUNABLE LUMINESCENCE OF THE ACTIVE REGION ON GaN TETRAHEDRAL STRUCTURES

The use of quantum wells on semipolar structure has been reported in the literature as a strategy for
active devices with longer wavelength and improved efficiency®®. This, and the fact that the GaN tetrahedra
are not covalently bounded to the substrate make them good candidates for the elaboration of flexible

devices™, as it allows to avoid a technically difficult process, while allowing wafer recycling®.

The growth of the active layer is performed directly after GaN tetrahedral growth on 1LG/6H-SiC
and consisted in the deposition of three period of InGaN quantum well separated by GaN barrier in order
to target blue emission. The conditions of growth were as described in Ref . The QWs were grown at
750°C at 400 mbar for 80 seconds each, with gas fluxes of 22mmol.min™, 8pmol.min™ and 56pmol.min™ for
NH;, TMIn and TMGa respectively. Subsequently to the growth the structures were characterized in a CL
setup. The results are presented in Fig. VI-16.
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Figure VI-16: Cathodoluminescence spectrum of different structures (a) with corresponding SEM (b)
and panchromatic images (c). The labeling on the spectra in (a) corresponds to the measured structure
seen in (c). (ref*)

In the Fig. VI-16, four regions can be distinguished. The first one, between 350 and 400 nm is expected
to be associated with the band edge. However, a further study of this contribution reveals some additional
information on the crystalline quality of the structures and will hence be discussed in the next paragraph.
The main contribution seen here is the quantum well peak, visible between 425 and 475 nm, which is
within the usual emitted range of InGaN/GaN QWs. This contribution is followed by a tail up to 500 nm,
which indicates variations in either the composition or thickness of the quantum wells. The last broad
contribution can be witnessed around 600 nm. To identify the origin of these contribution, a CL mapping
of the samples were performed as it would help determining the areas of emissions for each contribution.

The results are presented in Fig. VI-17.
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Figure VI-17: CL mapping of the SEM picture of Fig. VI-16 at 450 (£20) nm (a), 550 (+20) nm (b) and
600 (+20) nm (c). (ref**)

From Fig. VI-17 (a), it can be concluded that the structures exhibit emission from InGaN quantum
wells covering the entirety of most of the tetrahedra. However, three tetrahedra also exhibit a ring of lower
intensity at a given height. Interestingly, for these given structures, a complementary signal emission is
found at 550 nm (Fig. VI-17 (b)), featuring a bright ring, with the rest of the structures being less
luminescent. This indicates that the QW energy shift occurs in a specific part of the nanostructure and
are certainly not caused by random alloy fluctuation or by over-diffusion through neighboring
crystallographic planes. The signal around 600 nm occurs in the whole facet, but not at edges. This
behavior®™, combined with the fact that this contribution is broad and not dominant suggests that it is
defect related. Finally, a low temperature and room temperature PL characterization were performed to

get an approximate value of IQE, that can be roughly estimated through the ratio of intensities at 4K and

300K

I
room temperature: IQFE = PR The spectrum at low temperature was measured at 8K due to

4K
experimental limitations. Both spectra are presented in Fig. VI-18 and allow us to estimate the IQE to be
around 25%.

Energy (eV)

34 32 3 2,8 26 24
T s T & T * T & T i T 3OOK
— 8K
40000 |
o
Q
>
2 ool N
\q—) FAVIVIVIV A o
IS
O 1 1

400 500
Wavelength (nm)

Figure VI-18: Low and high temperature PL spectra of a sample with GalN nano-tetrahedra covered
with a InGaN/GaN QWs.
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One detail that is especially striking at 8K is the double-peak nature of the GaN band edge emission
near 350 nm, as shown in Fig. VI-18 for the low temperature PL measurement. This observation is
unexpected in the case of pure WZ-GaN, suggesting the presence of a significant quantity of structural
defects, that were investigated as part of this work. The corresponding results will be presented in the next

paragraph.

3.2 IMPACT OF STACKING FAULTS ON THE LUMINESCENCE

The presence of structural defects in structures grown through remote epitaxy is unexpected due to
the absence of covalent bonds limiting the strain and dislocation formation. However, there are several
clues to the type of defect observed here. Indeed, by looking at Fig. VI-14 of part 2.4, we notice the
presence of triangular ring-like shaped lines at different height on the tetrahedron, which do share
similarities with the emission of the contribution at 550 nm in Fig.VI-17 in part 3.1. The fact that these
features are seen at a constant height on the whole periphery of the structure suggest that it is a planar
defect extending to a whole slice of the structure. The planar nature of this defect strongly suggests that
it is some kind of stacking fault, which is confirmed by the fact that it occurs following the basal plane
(according to the orientation of the defective area in both the SEM pictures and the CL mappings), and

that it was also observed in a previous work3*.

The best way to characterize a defect such as a stacking fault is to do TEM microscopy, as it allows
to get a direct observation of the stacking fault, and of its properties. However, TEM microscopy requires
a FIB preparation, and hence to make a statistic over several nuclei, especially on self-organized samples
that are expected to have some amount of irregularity from one individual nuclei to another. Here, it was
chosen to use the data obtained by luminescence characterization to find the signature of stacking faults
in the nuclei. Indeed, there are two ways that stacking faults are expected to influence the PL/CL response
of an InGaN/GaN sample:

- First, ZB-GaN has a lower potential than that of WZ-GaN. Hence, the presence of a basal stacking
fault in a WZ material can be seen as a quantum well, expected to have an associated signal that
can be measured in PL/CL?®.

- Second, ZB-GaN has a higher In incorporation, and the presence of a stacking fault could hence

be linked to a local redshift of the QW signal®’.
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Figure VI-19: PL spectra of a nano tetrahedron measured at SK

Fig. VI-19 shows the PL spectrum at low temperature. This spectrum exhibits a first 3.45 eV
contribution, which can be linked to the band edge of the material. However, a second and stronger
contribution at 3.4 eV can be seen, which, at low temperature, has been identified to be the signature of
a Il type BSF in GaN®. However, Fig. VI-16 shows a second type of contribution visible at room
temperature. Because of the quenching of the photoluminescence signal of intrinsic stacking faults in GaN,
it is likely that this signal is instead related to the presence of E type stacking faults, that act as thin
ZB/WZ Gan QWs at room temperature®™. Both these results would be consistent with the presence of ZB
stacking inclusions in the material with thicknesses ranging from only one monolayer to thicker extrinsic
stacks. This conclusion is further supported by the presence of a redshifted QW signal at 550 nm coming
from localize areas in the tetrahedron, which is consistent with the presence of white lines seen in SEM
pictures. As stated previously, stacking faults are expected to incorporate more In”", therefore the presence

of redshifted areas could be caused by high densities of stacking faults.

The formation of SF is also supported by a previous PhD study from C. Barbier®. Indeed, in this
work, the nucleation was performed on transferred graphene over amorphous SiO; and yielded cubic GaN
using the same growth conditions in the same MOCVD reactor. One prominent defect observed in Ref. 3
is the stacking fault, which, in the case of cubic GaN, exhibits the inclusion of WZ-stacking sequences
inside the ZB crystal. While the crystalline structure is different in our case, it suggests that the stacking
is susceptible to switch between the two crystalline structures during the growth. A similar conclusion has
been made on crystallites grown in conditions allowing the formation of tetrahedral nuclei, as the authors
have observed both ZB and WZ-GaN triangular layers grown on WZ GaN®%5L In this study, the authors
suggest that changing parameters such as the temperature would allow to switch between both structures,
with ranges allowing for both structures. Therefore, while Journot et a/*%* did not observe any stacking
faults in their WZ-GaN tetrahedra, it could be due to parameters that strongly favored the WZ
configuration. On the other hand, the conditions used by C. Barbier** did not favor either ZB and WZ,

and the growth was driven by factors such as the graphene used or the presence or no of a crystalline

template for remote epitaxy. As a result, the conditions allowed the occasional growth of a WZ stack in
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the ZB crystal, responsible for a stacking fault. Because the conditions used in this work are similar, we
can then suppose that external factors to the growth (such as the substrate used) lead to the formation of
a WZ stack, but the condition then allowed for the inclusions of ZB-GaN layers in the middle of the WZ
crystallites. Because these stacking faults seem to be located in the upper part of the nano-tetrahedra, we
can suppose that the presence of the ZB inclusions needed a precise window of conditions to occur. Previous
studies have linked the switch from WZ to ZB to either temperature or diffusion. Therefore, the growth
could momentarily oscillate irregularly between WZ and ZB stacking when specific growth conditions are
met. For example, the diffusion length could change during growth because of the gradual covering of the
low surface energy graphene by GaN. Hence, stacking fault generation could occur mid-growth, in a specific
time when diffusion length is lower than early stages (with a graphene covered surface), but higher than

late stage (with a surface covered by a high density of nuclei).

4. CONCLUSION

Our main goal in this work was to pave the way for the demonstration of light emitting flexible devices
using GaN/InGaN structures grown by VAW or remote epitaxy on graphene. By choosing an already
explored subject, namely the one of tetrahedral structures, we have been able to revisit it and bring new
conclusions, particularly on the growth mechanism. The comparison between samples with one or several
graphene layers allowed to understand the role of the 6v/3 buffer layer specific to the graphene grown on
SiC. The growth of quantum wells on those structures showed that these structures might have uses as an
optically active component, as previously shown by Journot et al*®, but a more thorough investigation of
the optoelectronic properties suggested the presence of stacking faults, as seen by C. Barbier’!. The
collected data allows to conclude that the growth of tetrahedral structure on graphene is probably a
diffusion limited process, that occurs at the border between ZB-GaN and WZ-GaN conditions. In the case
of epitaxial graphene on SiC, this process occurs through remote epitaxy, but is also able to occur through

1**. The main challenge regarding the use of such

VAW epitaxy in the absence of an underlying crysta
structure in a device will then be the integration of metallic contacts, as well as solving the issue of the

stacking faults, which could be done by modifying the conditions to reach true WZ-GaN growth.

While this work leads to the growth and subsequent study of optically active structures on the GaN
nanotetrahedra, the difficulty of the process should be considered. This is explained by the unusual
properties of graphene, that are not suited for heteroepitaxial growth by MOCVD. One example of this
statement is that it has not been possible to directly grow GaN nanowire by using VAW or remote epitaxy,
as is the case in molecular beam epitaxy. Hence, hybrid growth methods might here represent a better
strategy to tackle this issue, for instance, by using MBE grown GaN nanowires as a backbone for
subsequent MOCVD growth of a InGaN/GaN shell.
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Conclusion:

In this PhD the issue of flexible LEDs fabrication has been addressed, mainly through the scope
of organized nanowires by SAG and, to some extent, through the scope of growth on 2D materials. In this
conclusion part we provide the reader with a summary of the major results of this work and give some

perspectives to the next actions that can be taken to push further the domain.

- The growth of the GaN nanowires core through a Si-assisted process has been investigated in
detail, confirming the formation of the Si-rich layer described in the literature. This layer has been
identified for the first time as a continuous 2ML thick crystalline SiGaN layer with a WZ structure,
with an estimated stoichiometry of SiGa,N3, and a large density of vacancies. Similar compounds
have been observed on e-plane'? nitrides, and their antisurfactant/mask behavior was attributed

to a modification of chemical potentials by charge transfers through the vacancies.

- The presence of this SiGaN compound is critical for the growth of long nanowire (>10pm) with
high aspect ratios. The presence of time-periodic markers within the GaN nanowires reveals that
before the crystallization of SiGaN, the growth partly proceeds on the sidewall. After SiGaN is
deposited, the growth proceeds fully upwards, and a gradual widening of the nanowire occurs
through the formation of atomic steps on the sidewalls. This deposition follows a segregation
driven process, in which Si accumulates on free m-plane surfaces until a critical concentration is
reached, at which point SiGaN is formed. Last, the study of the markers revealed kinetic
mechanisms similar to the one presented by Hartman et al®* confirming that the process is mass

transport limited (i.e. limited by adatom diffusion on the different surfaces).

- Having observed the SiGaN layer, its properties, and its specific role in the core growth, one can
easily conclude that the SiGaN hinders the growth of the subsequent shell on the core. This can
also be observed on the structural quality and coverage of the shell. Because of that, the removal
of the SiGaN layer prior to the shell growth was studied as a way to greatly improve the coverage
and crystalline quality of the core-shell heterostructures®. Several methods have been investigated,
but the most effective appears to be a treatment in hot H;PO,. EDX measurement confirmed that
this treatment did remove the SiGaN layer. Samples undergoing this treatment feature a much
larger shell coverage, as attested by CL, and better crystalline quality, as observed in STEM.
They are moreover unaffected by the growth of an UL, contrarily to other effective treatment,
such as SFg dry etching. Because ULs improve the emitted light intensity by trapping point defects
that diffuse toward the surface during growth, it was concluded that the H;PO, treatment solves

this issue by slowly etching the GaN surface.
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The integration of the GaN nanowires in a flexible matrix has been demonstrated. The fabricated
device has shown successful electrical injection, its light emission has been measured, and it has
been operated under bending, which demonstrates its flexibility. However, the sample was not
homogeneous and suffered from current spreading issues. We observed an unstable behavior, and
inhomogeneous emission due to the injection of different crystallographic planes at different
locations. Furthermore, the emission typically changed during bending, with a visible drop in
intensity. We suspect the p contact to be responsible for this behavior as it consists in a hybrid
structure with an ultrathin NiAu layer and an Ag-NWs mesh. This mesh is discontinuous and its
homogeneity is questionable, and the Ag-NWs mesh is suspected to be responsible for poor device
performances. This suspicion was further strengthened when the addition of SWCNTSs to the p-

contact improved the properties.

The growth on graphene has also been explored and revealed a different growth mode®. First, the
growth of nanowires on graphene has not been achieved in this work, given that pyramids tend to
form. It is suspected that this behavior is caused by the small surface energy of the material, which
originates from its lack of dangling bonds. Because of that, graphene behaves more as a mask than
as a substrate and promotes thereby diffusion of the species. This resulted, in the case of this
study, in tetrahedral nuclei, which is caused by the extended diffusion of the adatoms. Such
structures had already been observed in the literature, which allowed to propose general
conclusions to their properties. While these structures have been shown to grow following both a
WZ and a ZB structure, in this PhD the tetrahedral nanostructures were in majority WZ. In our
case, the growth occurs by remote epitaxy with SiC through the graphene; however, these
structures have also been grown on graphene over amorphous materials, suggesting that such

tetrahedral nanostructures can also grow through Van der Waals epitaxy.

The growth of InGaN/GaN heterostructures on these structures resulted in a broad signal centered
around 450 nm, measured both by CL and PL. Comparison between intensities at room and low
temperatures gives an IQE around 25%. The presence of luminescence contributions consistent
with basal stacking faults has been observed, further suggesting the interrelation between these
structures and the ZB Vs WZ growth, given that a stacking fault in GaN can be understood as a

cubic inclusion in a hexagonal lattice.

From these results we conclude that the SAG growth of core-shell InGaN/GaN is a robust process,
that can be reliably studied and used. Most of the result obtained on the SiGaN or the kinetics of growth

are consistent with the literature, which proves that the process used is highly repeatable. The nature of

the passivation layer enabling the growth of long GaN nanowires was finally unraveled. This fundamental

understanding will enable not only to tame this layer and use it to form new nanostructures”. One example

of this is the removal of the SiGaN prior to shell growth, which has been linked to the optimization of the

homogeneity and structural properties of the shell, as well as an improved light emission.

The integration of nanowire structures into flexible devices was shown to be technologically

complex, requiring several critical steps, as metal contact deposition, encapsulation and separation from

the original substrate. In later stage of this PhD, one solution, consisting in depositing the p-contact prior

to encapsulation has been investigated, and is described in the last paragraph of the Chapter V. Due to
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time constraints, this process could not be fully optimized, and no luminescing sample has been produced
through this method. Another solution could be to develop a growth process on a metal foil. Indeed, some
studies mention the successful self-assembled growth of GaN nanowire on Ti and Ni by MBE, which could
be adapted to selective area growth by MOCVD. Doing so would allow to get rid of the need for peel off
and n-GaN contact, which may facilitate the process, yield a membrane with less tears and holes, and

could facilitate/improve the quality of the p-contact.

When it comes to the growth on 2D materials, the present study reports the growth of tetrahedral
structures, but was originally meant to achieve nanowire growth. This deviation from the original goal can
be explained by the fundamental differences in behavior of the species on graphene when compared to
classical substrate. While this work demonstrated the feasibility of the deposition of optically active
InGaN/GaN heterostructures on graphene, it also showed that the growth on 2D materials requires
disruptive approaches, as adopting approaches established on other substrates will not yield comparable
results. In the future, other 2D materials can be explored for the growth of GaN nanostructures, such as
the h-BN that can be used to easily detach GaN growth from substrates®. Also, the fabrication of organized
domains of graphene can be imagined to favor growth through dangling bonds on the domain edges in

order to perform in selective growth mode on 2D materials.

In conclusion, the results obtained in this PhD have allowed to get a more complete understanding
of nanowire growth mechanisms, opened the way to integrate SAG structures in flexible LEDs, and
provided additional result toward the comprehension on growth on 2D material, which could emerge as an
alternative route for flexible device fabrication. Furthermore, graphene has already been used as a p-
contact for GaN, and the growth on 2D such as graphene could be optimized to not only ease the

encapsulation/peel-off step, but also to provide the structures with a p-GaN contact® early in the process.
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Annexes:
°
ANNEX A: FIB PREPARATION DIRECTLY ON SAMPLE

To explain the issues linked to FIB preparation directly on the sample, Fig. A-1 shows an example of

preparation and subsequent observation of a full core-shell sample.

ur. g7
&/ /,

Figure A-1 : sample at the start of the preparation seen from above (a) and the side (b). after full Pt

encapsulation (c), the sample is transferred to a holder and thinned (d). The sample was then imaged

using a TEM at low (e) and high (f) magnification.

The main issues with using the sample as grown are seen all throughout preparation and
observation. While no issue is noted at the initial stage (Fig. A-1(a)), one can quickly see that the Pt beam
use for the encapsulation deposits on more than one nanowire because of the density of nanowires and
angle used (Fig. A-1(b)). The Pt-encapsulation results in an unstructured accumulation of material (Fig.

A-1(c)) making it difficult for the user to precisely pick one nanowire. As the lamella is thinned, it reveals
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some amount of porosity in the Pt (Fig. A-1(c)), which might be of concern for the overall mechanical
stability of the sample. The thinning itself is difficult, as it is difficult to recognize the crystallographic
directions, since the shape of the nanowires are hidden in the Pt. This leads to off-axis thinning, which
may result in a thickness variation. This can be seen during observation in a transmission electron
microscope setup as an interference pattern, as seen in Fig. A-1(d), and it may also lead to poor imaging
quality, such as seen in Fig. A-1(e). While preparing on the sample allows to see both the sample and the
substrate, it also means a difficult preparation and a poor quality of imaging. Therefore, unless stated
otherwise, the nanowires presented in this manuscript have been separated from the substrate with a razor
blade and laid on a SiO/Si wafer.

ANNEX B: CONCENTRATION ESTIMATION BY EDX IN STEM

Quantitative EDX is a challenging process, as various processes may influence the X-ray intensity
response and detection, leading to a limited precision in the measurement process. One exemple of this
issue can be seen clearly when looking at the measurements presented in Chapter 3. Figure B-1 shows an
HAADF measurement around the SiGaN junction (Fig. B-1(a)) and corresponding EDX measurement
(Fig. B-1(b)). As observed several times in Chapter 3, the HAADF measured thickness is 2ML. Because
HAADF is sensitive to the chemical nature of the sample, this measurement is reliable. However, in Fig.

B-1(b), the Si signal corresponding to the SiGaN is measured over 2nm, which is significantly thicker.
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Figure B-1: HAADF measurement around the GaN/SiGaN/InGaN junction (a), and corresponding EDX

intensity profile (transversal lamella, sample A)

This origin of this discrepancy is known and is caused by the convergence of the beam used for
high resolution measurements. While high convergence is required to characterize layers with a thickness
of the order of the ML, it also implies that the EDX cross section is higher than the intended beam size,

as schematized in Fig. B-1.
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Figure B-2: convergent beam and EDX measurement seen from the side (a) and from above (b).

Therefore, to get a truthful estimation of the Si-content in the layer, the data first needs to be processed

to correspond to HAADF observation. It can be noted the In profile follows a linear increase from the GaN

to the InGaN layer, as seen in Fig. B-1(b). Therefore, the In concentration given without any data

treatment is going to be less affected by the beam convergence than a local spike in concentration, as is

the case with Si. This In concentration is below 5% in the SiGaN, and the presence of In in SiGaN can

hence be negliged, which simplifies the calculation.

First, the signal I corresponding to each element in the SiGaN layer is integrated on the thickness of the

layer, I. The thickness of the layer is determined by the presence of a significant Si-content. I is measured

relative to the intensity in the GaN core, I,. It is assumed that for Si that I, = 0, while it can be directly

measured on the EDX profile for Ga. The calculation assumes that for each element, I is constant in

SiGaN. The integrated intensity, 4, is calculated such as:
For Si:

Yili

Ntotal

A=

1 (B.1)

For Ga:

A=(10— Zili)-l (B.2)

Ntotal

From the integrated intensity, it is possible to obtain the equivalent intensity in SiGaN for each

element:

For Si:

For Ga:
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IGG. = IO - (B. 4‘)

SiGaN

The intensities can then be used to estimate the relative concentrations. To do so, we used the so-called
method of the k-factors, which is an empirical method that estimate relative concentration by a factor k

established in a material with known concentrations, and defined as:

CGa IGa
— =kgesi— (B.5
CSi GaSi ISi ( )

The software allows to get the value of kgu5; = 2.04, Is; and I, are given in (B.3) and (B.4). Assuming

Cgq + Cs; = 1, we can write:

(B5) Iga
Coa + ot = 1 Csi (1 + Kasi 72) = 1= G = :
St 1+ kgasi 7%
L

CGa =1- CSl (B. 7)

From (B.6) and (B.7), we obtain the concentrations of Si and Ga, as presented in Chapter 3, Table III-

ANNEX C: SiGaN DENSITY AND VACANCIES

‘ ._l

To explain the results presented in Fig. III-8, the data will be interpreted following the {-factor model.
This method considers the EDX intensity as following the equation (C.1) :

IA=CA.D.pt/(A (C.1)

With I,and €4 the EDX intensity and concentration of element A, D the electronic dose, p the density
of the material, and t t the thickness of the lamella. {, is the {-factor of element A, and is defined as:
- M,

NV'QA'WA"EA'E

¢a (C.2)

With N, Avogadro’s number, ﬁ the solid angle of detection, My, Q4, w, and &, respectively the atomic

mass, ionization cross section, fluorescence efficiency, and detector’s sensitivity for element A. Note that

these parameters are element specific but stay constant during the measurement.

In the next calculations, t and D are assumed to be constant. Owing to low In concentration in both the

InGaN and the SiGaN, we assume that pjucan = Pgan = P

In GaN :

In GaN, both the In and Si concentration are assumed to be negligible. Hence:
Coa=1=1I, = b -p-t/(A(C-3)

In InGaN :
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In InGaN;, the Si concentration is assumed to be negligible. Hence:

Imgay =D p-t- (C + C’")
p-
moen Soa m
The difference in EDX intensity in GaN and InGaN is assumed to be negligible, and the In concentration
in InGaN is measured to be below 5%. We can conclude that:
C Cln CGa

Iingan = lgan = Zon +(_ — (C.9)
In Ga

In SiGaN :

CGa Cln CSI.

il )(”)1 -D- (C +C) (€.5)
Toa " Tn | Ts: SiGaN PsiGa

Lsigan = D * Psigan * t° ( Cea  Csi

By dividing (C.3) and (C.5), we obtain:

(CSLGaN N Cgs;iamv)
Isigan _ Psican ) {Ga {si
Igan p cgan

(Ga

With CSN and CSHN respectively the cationic concentration of Ga and Si in SiGaN, and CE2N the

cationic concentration of Ga in GaN.

From Table. ITI-1 (Chapter 3): CSXN ~ CSlGaN z§

From (C.3) : CE¥N=1

Therefore:

_Psican (é + (isl>

p 1
(Ga

ISiGaN _

! C.5
=3 (C.5)

IGaN

By definition of the k-factor given in Annex B (B.5), in any given material:

lga"Csi CsitCga"D-p-t (Ga ZGa (a
kcogsi = = . = (C.6
gast IgiCea  Csi*Cea"D-p-t (Sl ZSI. st kgasi )
Combining (C.5) and (C.6) :
(2 +Fean)
IsiGan _ 1 psican \{ga = sa _ 1 psigan @2+ kone)
IGaN 3 p L 3 gast
gGa

We can hence estimate the variation of density, p, between the GaN and the SiGaN:

PsiGan _ Isigan 1

p loan % (2 + kgasi)

1
=077 g————=1057 (C.7)
32 +204)
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This calculation yields a 43% reduction in cationic density in SiGaN compared to GaN. This difference
can be partly attributed to the lower atomic weight of Si compared to Ga. However, replacing half of the
cationic sites by a Si atom should only result in a 30% decrease in cationic density. Because no other
cationic specie lighter than GaN has been identified in significant amounts in SiGaN, a drop of in intensity
can be attributed to the presence of significant amounts of vacancies. When accounting for a similar
concentration for Ga, Si and v, on the cationic sites in SiGaN, a 53% drop of cationic density compared
to GaN is expected. While this value is close to the value obtained in (C.7), two assumptions make this
value unprecise. First, the impact of the In was neglected, despite a difference in EDX intensity between
GaN and InGaN. Second, this calculation does not consider the effect of the beam convergence, as is the
case in annex B. Therefore, despite strongly hinting at a significant concentration of vacancies, no

quantitative conclusions can be drawn from this calculation.

ANNEX D: VOLUMIC RATE CALCULATION

In this annex, the methods used to obtain the volume variation as function of marker’s width and spacing
will be provided. The structure is represented in Annex D-1, showing the projection of the structure in the
c-direction (Annex D-1(a)) and a-direction (Annex D-1(b)). In annex D-1(b), two markers are also
represented to show the spacing between two markers dx. The geometrical parameters used in this annex

are marked in red on the figure.
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Figure D-1: Geometrical parameters of the Si-rich markers in transveral (a) and longitudinal (b) view

For the sake of the calculation, the hexagonal shape of the nanowire will be assumed to correspond to a
perfect regular hexagon. The combined areas of the lateral faces of a hexagonal pyramid can be calculated

as:
4="2 o1
- 2 ( . )

With P the perimeter of the base and a the apothem of the pyramid.

In the case of an hexagon, it can be shown that the perimeter is equal to:
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P=12-%=2v3:D (D.2)

él|l\)|b

a could be realistically measured for each measurement. However, looking at Annex D-1(b), we can also

express it as :

cos(0)

=cos(f) = a = -D (D.3)

a
D/2
6 is the angle between the c-plane and the semipolar planes of the markers and can be assumed to be

constant, which has also be verified on the pictures. This simplification avoid to measure a for each

marker. Hence, combining (D.1), (D.2) and (D.3), we obtain:

A = cos(0) g -D? (D.4)

In order to calculate the volume deposited between each marker, A just needs to be multiplied by dx.
This directly stems from the assumption that 8 = Cste, as it means that dx is constant throughout the

surface of the hexagonal pyramid.

Hence :

dV = A-dx (D.5)
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