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Résumé

La récente pandémie de SARS-COV2 aura mis en lumiére une des nombreuses applications
des rayonnements UV : la stérilisation. Dans 'optique de remplacer les polluantes et encom-
brantes lampes & vapeurs de mercures émettant & 255 nm, la recherche se concentre désormais
sur le développement de solutions & 1’état solide a base de semiconducteurs. Les diodes électrolu-
minescentes (DELs) en nitrure d’aluminium et de gallium (AlGaN) répondent aux prérequis. En
pratique, la réalisation de tels dispositifs en géométrie planaire est limitée par des conductivités
électriques réduites et par une difficile extraction de la lumiére, entre autres. En réponse, une
géométrie alternative et prometteuse est explorée dans le cadre de ma thése: la géométrie nanofil.
Mon travail de thése a consisté a accroitre les connaissances sur la physique régissant le transport
du courant dans les diodes a nanofils d’AIN criles par épitaxie par jets moléculaires (EJM) ainsi
que sur les techniques de croissance et les technologies pour la réalisation de DELs émettant dans
I'uv-C.

Dans un premier temps, mon travail s’est concentré sur la croissance et la caractérisation de
zones émettrices de photons UV. Des nanofils d’AIN contenant des multi-puits quantiques de GaN
ont été criis. Aprés caractérisation par microscopie électronique et par cathodoluminescence, les
puits d’épaisseur comprise entre 1 et 4 monocouches montrent une luminescence entre 239 et 304
nm. Je me suis également intéressé aux nanofils AlGaN comportant de trés faibles compositions
en Ga (< 1%) présentant des propriétés optiques trés différentes de celles d’alliage standard, régies
par une forte localisation de ’exciton autour d’amas d’AlGaN.

Dans un second temps, j’ai travaillé a ’amélioration du dopage de type n des nanofils d’AIN
avec du silicium. Gréce aux caractéristiques électriques (I-V), la conductance des nanofils a été
mesurée. Elle décrit une courbe en cloche en fonction du dopage, typique de phénomeénes d’auto-
compensation. Une étude approfondie du transport électrique en fonction de la température a aussi
permis d’établir qu’une part significative des dopants restait en site Al avec une énergie d’ionisation
de 75 meV, contrairement au donneur profond qui communément est identifié avec une énergie de
270 meV.

Dans un troisiéme temps, j’ai étudié les propriétés de transport électrique de jonction p-n
d’AIN pour différents dopages et structures, par mesures I-V et par courant induit par faisceaux
d’électrons (EBIC). Toutes les diodes montrent des comportements rectifiant typiques de jonctions
pn. En revanche, la présence d’une barriére tunnel limitant l'injection de trous a fortes tensions
(V > 6 V) a été mis en évidence. En corrélant les mesures I-V, EBIC, CL et d’électroluminescence
(EL), une structure et des paramétres de croissance optimum ont été identifiés.

Finalement, j’ai réalisé un dispositif DEL & 285 nm. Les différentes DELSs testées montrent une
bonne reproductibilité ainsi qu’un comportement de diode prometteur. L’intensité de luminescence
est proportionnelle au courant injecté et la luminescence des défauts reste trés faible méme a treés
haute tension. Une efficacité quantique externe a pu étre mesurée a environ 5.1073 %, limitée

principalement par un difficile compromis entre injection électrique et extraction des photons.




Abstract

The recent SARS-COV2 pandemic has highlighted one of the many applications of UV ra-
diation: sterilization. Aiming at replacing bulky and environmentally hazardous mercury lamps
emitting at 255 nm, research is directed towards the development of solid-state solutions based
on semiconductors. Aluminium gallium nitride (AlGaN) light-emitting diodes (LEDs) meet the
requirements. In practice, the realization of such devices in planar geometry is limited by low elec-
trical conductivity due to deep dopants and by difficult light extraction. In response, a promising
alternative is being explored in my thesis: the nanowire geometry. My thesis work consisted of
increasing the knowledge on the physics governing the current transport in AIN nanowire diodes
grown by molecular beam epitaxy as well as on the growth techniques and technologies in order
to allow the realization of deep UV LEDs.

Firstly, my work focused on the realization and characterization of active areas emitting in the
deep UV. AIN nanowires containing ultra-thin GaN quantum wells were grown. After transmission
electron microscopy observations and cathodoluminescence (CL) measurements, quantum wells
with thicknesses between 1 and 4 GaN monolayers are identified and show emission between 239
and 304 nm. T also studied AlGaN nanowires with very low Ga compositions (< 1%). The observed
optical properties are very different from those of standard alloys with a spectrally broad emission,
governed by a strong exciton localization on AlGaN clusters.

Secondly, I was interested in the n-type doping of AIN nanowires with silicon. Using current-
voltage characteristics (I-V), the conductance of nanowires was measured. It exhibits a bell-shaped
curve as a function of doping, typical of self-compensation phenomena. A detailed study of the
electrical transport as a function of temperature also established that a significant part of the
dopants remained in Al site with an ionisation energy of 75 meV, in contrast to the deep Si donor
with an energy of 270 meV commonly reported.

Thirdly, I studied the electrical transport properties of AIN pn junctions for different doping
range and designs, by I-V and electron beam induced current (EBIC) measurements. All diodes
show typical rectifying behaviour of pn-junctions. However, the presence of a tunnel barrier lim-
iting the injection of holes at high voltages (V > 6 V) has been demonstrated. Furthermore, by
correlating I-V, EBIC, CL and electroluminescence (EL) measurements, optimal structure and
growth parameters were identified.

Finally, I realized a broadband LED centered at 285 nm. The different LEDs tested show
good reproducibility as well as promising diode behavior. The luminescence intensity is found to
be proportional to the injected current and luminescence of defects remains very low even at very
high voltage. An external quantum efficiency could be measured at about 5.1073 %, mainly limited

by the difficult compromise between electrical injection and photon extraction.
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Introduction

General Introduction

OR decades, researchers have been working to discover physical mechanisms that have

F paved the way for the development of new technologies, which changed our societies.
Among these breakthroughs, those resulting from the work of AKASAKI, AMANO and
NAKAMURA were particularly impactful, and earned them the Nobel Prize in 2014. Their
works have led to the understanding of various phenomena in GaN-based materials, from
which visible light emitting diodes have greatly benefited. Today challenges remain nu-

merous, ultraviolet domain being one of the most impactful among them.

UV light: Generalities and Applications

Ultraviolet radiation

Ultraviolet — literally beyond violet — light corresponds to an electromagnetic radia-
tion which wavelength is comprised between 10 nm and 400 nm. It is composed by several
subparts: Vacuum UV from 10 nm to 200 nm, UV-C from 200 nm to 280 nm, UV-B from
280 nm to 315 nm and UV-A from 315 nm to 400 nm. Deep UV (DUV) can also be used
to describe radiations between 200 nm and 300 nm. Natural UV light is produced either
by electric arcs or by very hot materials through black body emission. In particular, the
sun emits around 10% of its light in the UV range which is more or less absorbed by the
atmosphere. Only a small fraction of this UV light (predominantly UV-A), reaches the
ground and causes human’s skin darkening.

UV is not just a way to tan, depending on the wavelength a wide variety of applications
exists, as illustrated in the figure 1. As an amateur photograph myself, I wanted to
share two pictures related to UV below. Even if not considered as an application — it
only allows skin damage investigation —, science can also be aesthetically pleasing as
these photographs and bring something else than pure brain activity. Among all of these
applications, one has become particularly attractive as the recent COVID-19 pandemic

has hit our societies.
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Figure 1: Applications of UV radiations. Redrawn from [1].

UV light reflection photograph of a body Photograph of a coreopsis under UV light.
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Disinfection and sanitation purposes

UV radiations have the particularity of causing photo-chemical reactions to happen in
molecules by giving them enough energy to break bounds, thus rearranging their structure.
This property is being exploited in chemistry to activate the polymerization of photopoly-
mers, for instance used in dentistry or in coatings and photoresists.

In a similar manner, DNA and RNA nucleotides can experience a dimerization (a
kind of polymerization with only two monomers) under UV light. In DNA, the hydrogen
bound between nucleotides from the two strands breaks and two adjacent bases will bound

together (figure 3a). It can also results in cross-linking of strands originating from different

DNA and/or RNA.
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As aresult of all these mutations, microorganisms experience effects causing them to die
or preventing their replications. Only some wavelengths are absorbed by nucleotides and
are therefore targeted for disinfection purposes. Absorbance spectra, shown in figure 3b,
indicate that UVs are absorbed mainly below 290 nm with a peak at around 260 nm where
three out of four nucleotides are sensitive. Thus, depending on the UV dose, the bacteria
and its environnement, it is possible to drastically reduce the number of microorganisms
after few tens of secondes of exposition to the radiation [2]. Therefore, UV light is being
used for water purification, sterilization of medical tools and appliances prior to be widely

used during the SARS Cov-2 pandemic in public transports and other places at risks.
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(a) UV photons acting on DNA nucleotides

and provoking their cross-linking, (b) Absorbance spectra of the four DNA nucleotides [3].

Figure 3: UV effects on DNA and absorption spectra of its components.

Health-related effects

If this light is particularly efficient at damaging DNA, it can be harmful for human
and requires careful usage. In addition to premature aging of skin cells and its pure
aesthetic consideration, overexposure to UV-A and B causes sunburns and skin cancers.
Regarding the eyes, UV-B and UV-C (310 nm to 260 nm) are responsible for cataracts
and other damages to cornea and retina such as simple, but painful, cornea inflammation
(photokeratitis)

UV-C is the most energetic of the three UV subparts and therefore is the most dan-
gerous radiation. However, as the emission wavelength decreases, penetration depth of
the photons also decreases. As depicted on figure 4, a 222 nm radiation is stopped before
entering the epidermis and the cornea whereas a light at 300 nm in the UV-B can reach
the dermis and get through the pupil. Therefore exposure to UV-B will be much more
harmful for human health than exposure to far UV-C. For these reasons, standard UV
lamps emitting at 254 nm must be used with care when people are nearby. The reduction

of emission wavelength could open up new applications in the field of sanitation and allow
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their use on human skin for example.

WAVELENGTH (nm)
3?0 34IO

254

Stratum

Corneum\

Figure 4: Sketch of UV penetration in skin tissues and eye at different wavelengths [2].

UV market

Because of the SARs CoOv-2 pandemic, there has been an increasing need for UV
emitters over the last two years, which has led to a growth in the market. Currently, two
types of UV emitters can be purchased: lamps and light emitting diodes. Their technical
differences will be detailed in the next section. Historically, UV lamps were the first ones
to be used and therefore logically represent the majority of the market. According to a
study by YOLE DEVELOPPEMENT |4], the global UV lighting market was worth $400M
in 2008 with only a few millions of dollars for UV LEDs. The market has reached $1B
in 2019, LEDs accounting for nearly a third of it. As the demand increases, the forecast
is for an annual growth rate of 15 to 20% to reach between $1.7B and $8B in 2027 [4-6].
However, the majority of this growth is expected to be driven by LED products with total
revenue increasing by 17 times between 2019 and 2025 [7].

To meet the demand, the market is split between a large number of suppliers. The
two largest are SIGNIFY (Netherlands), which sells UV lamps and SEOUL VIOSYS (South
Korea), which sells LEDs. Behind them are many players mainly from China, and the

USA, who want a share of this growing market.

Technological path and performances

After reviewing general considerations about UV light, its applications and current
market, let us address the question of the production of such light and clarify differences

between lamps and LEDs.
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UV Lamps

In lamps, UV light is produced by the de-excitation of molecules that are originally in
an excited state. In conventional discharge lamps, an electric discharge is sent through a
gas to ionize it. In doing so, the gas molecules are put into an excited state and can de-
excite, producing photons whose energy depends on the molecule. Some famous lamps use
this principle, such as sodium vapour lamps (orange) and neon lamps (red). Fluorescent
lamps, which are increasingly rare nowadays, are actually low pressure mercury lamps
emitting in the UV and covered by a phosphor layer which converts UV light into white
light. Mercury exhibits many emission bands ranging from 184 nm up to 650 nm, and
by adjusting the amount of mercury present in vapour phase, it is possible to adjust the

emission wavelength. Low pressure mercury lamp is a high purity 254 nm light source.
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Figure 5: a) Image of a low pressure mercury lamp and b) its emission spectrum from USHIO
AMERICA. ¢) Emission spectrum of a high pressure mercury lamp from ZEiss HBO 100. d)
Cartoon of the working principle of mercury lamps.

If they can be easily manufactured, they are also quite efficient and of reasonable size.
Nevertheless, they have many drawbacks. Life span of such devices is of only few thousands
hours. They cannot be miniaturized and implemented in small devices and some minutes
are required before their switching on. Most of all, they are fragile and contain mercury
which is highly hazardous for the environment and people.

Recent public policies aim to reduce the use of mercury. The EU banned its use in
lighting in 2015. In 2013, Minamata convention was established in order to organize the

progressive ban in the world, which is now effective since 2020. Manufacture, import and
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export of mercury-containing products are now supposedly forbidden in the 127 countries
that are party of the convention. However, low pressure mercury lamps emitting in the

UV are excluded, at least for the time being.

Figure 6: UV lamp used to disinfect a bus during Covid-19 pandemic.

Other species than mercury can be used to produce UV. Excimer lamps and laser are
comparable in term of functioning and can have different emission wavelength in the whole
UV. Instead of using gases, atoms from certain diatomic molecules (so called excimers) are
able to bound or unbound under an electric excitation, giving rise to light. Noticeably, KrCl
(222 nm), ArF (193 nm) are used as light source for disinfection or in research laboratories.
Their drawbacks are the relative low efficiency (~ 1%), high voltage, short life-span and
the use of rare gases which kills the viability of this technology for the large needs.

Solid state solutions

Contrary to lamps, solid state devices are fully based on semiconductors and, among
them, LEDs are based on a mechanism called electroluminescence. When electrons flow
in a semiconductor driven by a electromagnetic force, they may get to lower energy states
releasing their energies in the form of light. This process can be highly efficient and cost-
effective as the majority of the charges can be turned into light. This kind of device presents
several advantages with respect to lamps. LEDs require smaller operating voltages and
have no turn on time. Adjusting the current allows to tune the optical output power of the

device. Their emission spectrum is narrow over few nanometers without requiring filters.
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Their life span is very long. They are free of hazardous materials. Moreover, they can have
reduced sizes and be better integrated into other systems of our today’s life. These assets
are particularly important for the democratization of UV disinfection products and their
integration into common objects such as fridge or tap. All of this make solid state devices

a solution of choice for production of light in general and UV light particularly.

Figure 7: a) UV LEDs embedded in headphone case in the LG TONE. b) Concept of UV LEDs
embedded in water tap for disinfection of everyday water, from OSRAM.

State of the art and current limitations

Thanks to its direct and tunable bandgap, AlGaN alloy is a material particularly suited
for this purpose. Its energy band gap varying from 3.5 ¢V (360 nm) and up to 6 eV
(200 nm) allows to cover UV-A, UV-B and UV-C. However, efficiencies of AlGaN based
UV emitters are still limited and require further research and development. Blue LEDs
made of InGaN alloy reaches extremely high efficiencies and performances, with 90% of
injected electrons converted into photons. Adding AIN into GaN leads to a reduction of the
emission wavelength, associated to a reduction of device performance, as shown in figure 8.
Efficiency drastically decreases, with a peak at 275 nm coming from the large efforts of
research centers to improve this wavelength in particular for all the reasons mentioned
above.

A standard AlGaN UV-LED structure is represented in figure 9 along with some of
its associated challenges. Devices are grown on sapphire substrate, transparent to UVs
and inexpensive thanks to the advent of blue LEDs. A n-type doping AlGaN layer is first
grown to provide electrons to the Al,Ga;_,N / Al,Ga;_,N multiple quantum wells area.
On top of which are grown p-type doped AlGaN and GaN layers in order to provide holes.
Increasing AIN molar fraction in the AlGaN layers allows to reach deeper UV but at a

certain cost.
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Because of deeper dopant energy levels, resistivity of n-type and p-type AlGaN thin
films increases which increases losses by Joule effect and limits spreading of the current over
large areas [9-12|. Large extended defect densities can also kill radiative recombinations,
although important progress have been achieved allowing to reduce this effect. This point
is not considered as a major issue anymore but still requires complex growth techniques to
achieve acceptable crystal quality [13—16]. Moreover, a non-negligible part of UV photons
are lost before they can exit the structure. Indeed, a compromise between adequate metal
contacts and light extraction is to find. In addition, photons can be trapped because of a

low difference in refractive index, favouring internal reflections.

Issues and Challenges

UV Absorption
Hole injection

UV Absorption
High resistivity

Radiative recombination
Carrier confinement

Electron injection
Current Spreading
High resistivity
Strain

Extended defects
UV Transparancy

Light extraction

Figure 9: Schematics of a standard UV-LED structure with its issues.
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Advantages

Enhanced light
extraction

Increased dopant
incorporation

No extended
defects

Patternable
and removable
substrate

Figure 10: Schematics of a NW based UV-LED structure studied in this work and its advantages.

10




Introduction

This thesis and its motivations

Alternative structure for improved efficiency: Nanowires

In the light of the actual limitations of the state-of-the art, a different approach is being
investigated using 3D objects. Nanowire structures have several advantages with respect
to 2D layers as presented in figure 10.

Because of their unique formation mechanism, self-catalyst nanowires are free from
extended defects. Therefore, they are objects which can be studied without questioning
about the influence of dislocations on diverse properties.

Moreover, nanowires exhibit a large surface to volume ratio which allows strain relax-
ation at the side-walls. This feature allows the reduction of strain induced by foreign atoms
incorporation and is responsible for an increased solubility limit of dopants in the crystal.
This property is highly beneficial in wide bandgap semiconductors as dopants are deep and
require larger concentration to overcome their poor ionization ratio at room temperature.

In addition, this geometry can be beneficial to light extraction, primarily due to an
effective refractive index closer to the environnement. It is further possible to pattern the
nanowire array to create photonic crystal and enhance the out-coupling of the light.

In spite of all these advantages, research is scarcer — yet no less interesting — and
drawbacks exist such as a variability from wires to wires and somewhat challenges in

technological solution for processing the device.

Scientific questioning

Questions remain numerous and must be addressed in order to compare the two devices

geometry. The followings will pave the way of this manuscript.

(i) How can UV emission be achieved from an AIN nanowire? Which solution is the

more adequate to NWs?
(ii) How does Si incorporation change AIN nanowires structural and electrical properties?
(iii) In what state are Si donors in AIN nanowires?
(iv) What are the electric transport mechanisms at play in AIN nanowires pn-junction?

(v) Is the realization of an AIN nanowires LED possible? With which performances?

Organization of the manuscript

The organization I have chosen for this manuscript is as follows:

Chapter 1 focuses on giving the key elements on III-Nitride family and the specifici-

ties of GaN and AIN materials. Crystal structure and electronic properties are presented.

11
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Growth basics and different techniques are also exposed and discussed. A focus on struc-
tural characterization techniques used in this work is also done.

After looking at the material, Chapter 2 is concerned with device properties and their
link with the material. The physics of light emitting diodes is presented from the electri-
cal transport and light emission mechanisms up to state-of-the-art architectures for UV
emission. Characterization of the devices were performed by several techniques presented

in this chapter as well.

Chapter 3 is the first chapter containing results. It looks at different way of achieving
controlled and efficient UV-C emission from AIN nanowires. A first part is dedicated
to the control of monolayer thin GaN quantum wells. Leveraging adatom diffusion and
self-limiting processes, it is possible to manufacture ultra-thin layers and achieve emission
down to 239 nm. In a second time, the unexpected large exciton localization in low gallium
content AlGaN is described. With gallium concentration below one percent, these AlGaN
nanowires exhibit good UV emission properties in a large spectral range. It is also a much

simpler realization than a multi-quantum well structure.

Chapter 4 dives into the electrical properties of silicon doped AIN NWs. The n-type
doping properties of Si are known to be complex because of early self-compensation and
DX transition. In this work, Si is found to be a shallow donor in a certain doping range.
Taking advantages of electrical transport mechanisms, it is stated that Si could be in three
different sites within the lattice: one shallow donor and two deeper states.

Chapter 5 studies the influence of doping concentration on electrical properties of
pn-junctions. This chapter allows the optimization of the different section of the diode.
Its design is also discussed as top interface between metal contact and p-AIN or p-GaN is

of particular importance and limiting the device performances.

In conclusion to this thesis work, entitled Realization of AIN NWs based UV-C LED,
Chapter 6 presents the realization of an AIN NWs LED and its global properties. Elec-
trical and optical ones are briefly exposed as they are discussed in previous chapters.
Electro-optical experiments are performed and show good characteristics for light emis-
sion. Electroluminescence at 285 nm is successfully achieved and discussion on thee device

performance is done to pave the road of future works.

This work has been carried out between CEA IRIG and CNRS Neel Institute both in
Grenoble. In the first one, I was growing my samples in a molecular beam epitaxy (MBE)
system and assisting for its maintenance. Structural characterizations occurred in CEA
PFNC mainly by scanning electron microscopy. Transmission electron microscopy would
not have been made possible without the help of Dr. J-L. ROUVIERE (senior scientist) and
F. CaAsTIONI (PhD student). Dr. E. ROBIN (senior scientist) performed energy dispersive
X-ray spectroscopy experiments and analysis in both SEM and TEM. Its work and rigour
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were essential in this work. Raman spectroscopy experiments were done by Dr. A. CROS
in the Materials Science Institute from the University of Valencia, Spain.

In Neel Institute, I performed electrical and optical characterizations and manufactured
the studied devices. Current-voltage, cathodoluminescence, electron-beam induced current
and electroluminescence experiments were carried out by myself. I was trained and assisted
by Dr. F. DONATINI, research engineer in charge of the different setups. The use of Neel
Institute clean room NanoFab was a great asset in this work as it made easy the realization
of LEDs and test structures.
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CHAPTER 1

II1I-Nitride materials: Basics and

growth

This chapter aims at giving general knowledge about III-Nitrides ma-
terials. GaN and AIN crystal structures and their specificities will be
presented and discussed in relation with this work. Basics of growth of
these materials are also given. Structural characterization techniques

used will be also presented.
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Chapter 1. The III-Nitride family

1.1 Generalities about nitride semiconductors

1.1.1 Crystal structure

ITI-Nitrides or III-N, refers to a family of semiconductor composed by a nitrogen atom
and a third column atom. In the context of this thesis, the focus will be set on aluminum
nitride (AIN), gallium nitride (GaN) and the AlGaN alloy, but other semiconductors,
namely, indium nitride or boron nitride exist alongside ternary and quaternary alloys.
[TI-Nitrides is a sub-family of the III-V family composed by one element of the third
column and one of the fifth column, other than nitrogen, such as phosphorus or arsenide

for instance.

(a) Wurtzite structure (b) Zinc-Blend structure (c) Rock salt structure

Figure 1.1: Representation of the three crystallographic structures of III-N materials.
Metal atoms are depicted in blue, nitrogen atoms are depicted in orange.

Crystallography

AIN and GaN exist in three different crystallographic phases:

e Wurtzite: It is the most thermodynamically stable structure hence the most widely
found, and is the one this work focuses on. It is a hexagonal crystal system, also
referred to as the P6smc space group, which lattice is represented in 1.1a. Wurtzite
phase can be seen as two hexagonal close-packed sub-lattices interlaced and shifted
by a vector < %, %, % >. Bach atom hybridizes into sp? configuration, leading to the
formation of tetrahedrons: metal atoms are surrounded by three nitrogen atoms and
vice-versa. Wurtzite has not as many symmetries compared to other structures thus

it exhibits peculiar properties, which will be discussed later on.

e Zinc Blende: Sometimes called cubic phase, the space group related to Zinc Blende
is F43m (1.1b). If its higher symmetry makes Zinc-blende II1I-V material more con-
venient for optoelectronic purposes, its challenging growth prevents advances in this

direction. Few papers report the growth of cubic GaN by using appropriate substrates
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1.1. Generalities about nitride semiconductors

and controlling the growth condition carefully [17-21].

e Rock Salt: Not commonly found, rock salt structure is also a cubic structure and
requires high pressure and high temperature conditions to be stabilized. Its space

group is Fm3m (1.1¢).

[0001]

: [01-10]
|
c [10-10]
|
— ——A
a
—B
a
——A

(a) (b)

Figure 1.2: Representation of Wurtzite structure from (a) [1020] zone axis and (b) [0001] zone
axis. A and B dotted lines refer to the stacking sequence of the hexagonal structure. Lattice
parameters ¢ and a are shown. Metal atoms are depicted in blue, nitrogen atoms are depicted in
orange.

Figure 1.2 presents in details the hexagonal structure. It can be defined by only two
lattice parameters: a along [101 0] and [01 1 0] axis and ¢ along [0001] axis, which represents
the “heigh” of the unit cell. Table 1.1 gives the lattice parameters a and c¢. One common
unit that will be also used in this manuscript is the monolayer (ML). By definition, one
monolayer is one single packed layer of atoms hence, in our case it is ¢/2, rounded to
2.5 A for both AIN and GaN for convenience. Zinc-Blende and Wurtzite structures differ
only by a stacking period: ABC-ABC stacking along the [111] axis for cubic structure and
AB-AB along the [00.1] axis for hexagonal one (1.2a).

Polarity

The hexagonal structure of III-Nitrides has a distinctive feature: it is non centrosym-

metric. In other words, the c-axis [0001] is unique and is in particular different [0001],

17




Chapter 1. The III-Nitride family

Table 1.1: Lattice parameters for AIN, GaN and InN at room temperature from [22].

AIN GaN InN

a(A) 3112 3.189 3.545
c(A) 4982 5185 5.703

as depicted in figure 1.3. Therefore, depending on the arrangement of the atoms along
the c-axis, the structure will be called N-polar or Metal-polar. By convention, the metal
polarity refers to the vector pointing from the metal atom to the nitrogen atom along the
[0001] (1.3a), and the inverse stands for nitrogen polarity (1.3b).

Several studies have evidenced the importance of polarity on several points. Surface
roughness and structural properties [23], impurity incorporation [24, 25|, dopant incor-
poration |26], optical properties [27, 28] are examples of the properties that are influenced
by the polarity. X-Ray diffraction [29], potassium hydroxide (KOH) etching, Kelvin probe
force microscopy (KPFM) [30] and TEM studies allow polarity determination [31-33|.

[0001] Metal
N
N
Metal

(a) Metal-polar (b) Nitrogen-polar (c) Superposition of the two.

Figure 1.3: Representation of the unit cell view from [1010] zone axis for different polarity. (a)
Metal-polar. (b) Nitrogen-polar. (c¢) Highlights the non equivalence between [0001] and [0001]
axis where the concept of polarity originates.

If c-plane is particular and remains the main growth direction, other planes are of
interest as they can be semi-polar or non-polar and therefore exhibit slightly different
behaviors [34-36] (Figure 1.4).
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Figure 1.4: Representation of four families of planes in wurtzite structures.

1.1.2 Electronic properties
Energy band gap

Semiconductors of the III-N family have a direct bandgap, meaning that the top of
valence band and the bottom of conduction band have the same wave-vector. Specifically,
AIN is known for being the semiconductor with the largest direct bandgap (6.2 ¢V) [37,
38]. It belongs to the family of the ultra wide-bandgap semiconductors ( E; > 4 eV ) along
with diamond, BN and GasO3. On its side, with its bandgap of 3.5 eV, GaN belongs to
the wide-bandgap semiconductor family [39, 40]. A direct and large bandgap make AlGaN
alloy the most suitable optoelectronic material to achieve UV and DUV light emission.
Table 1.2 summarizes bandgap energies of wurtzite I1I-N at room temperature in addition
to the corresponding wavelengths while figure 1.5 shows the whole III-N family energy
bandgap as function of the lattice parameter a. However, the wide bandgap characteristic
makes more difficult to handle impurities and crystal quality.

In order to compute the bandgap of a ternary alloy such as Al,Gaj_,N, according to

the Al molar fraction z, an empirical model is widely used, derived from Vegard’s equation:

ENCN = ¢  EMN 4+ (1—2) - E§*N + 2(1 — 2)b (1.1)

with b is a bowing factor accounting for the non-linearity of the evolution. Using this
equation, one is able to draw the line between two binaries as represented in figure 1.5.
Nonetheless, one issue is that the bowing factor can be non-constant with the composition
hence difficult to access, especially in III-N and AlGaN. Several values have been reported
such as 0.53 eV [19], 0.63 eV [42] for = < 0.45 or 1.0 eV[43] and 1.32 eV [44] over the whole
range. Despite a lot of efforts, the curve is not well described for composition higher than
50% Al in AlGaN and the situation is even more complex in the case of AlInN.

To expect an emission of light at around 260 nm or 4.75 eV, the composition that is required
appears to be Algg7Gag 33N, or in other words, a ratio of two Al atoms for one Ga atom.

Because of thermal expansion, the lattice size changes with the temperature and so
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Energy gap of the III-V as a function of lattice parameter
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Figure 1.5: Representation of the bandgap energy and the corresponding wavelength of TII-V
semiconductors as a function of their lattice parameter a, at room temperature. Adapted
from [41]

the bandgap with it. The Varshni model predicts the bandgap at a certain temperature

depending on few parameters:

(1.2)

where « and 8 depends on the material and are summarized in table 1.2.

Table 1.2: Varshni parameters, bandgap and corresponding wavelength values for AIN, GaN and
InN at room temperature from [22].

a (meV/K) B (K) E;(eV) Mg (nm)
AIN 1.799 1 462 6.20 200
GalN 0.909 830 3.01 353
InN 0.245 624 0.78 1 588

Light polarization considerations

In this section, band structure of wurtzite AIN and GaN is being discussed, especially
its consequences on the light polarization. Figure 1.6 shows a schematic representation of
the band structure of GaN and AIN near the center of Brillouin zone. In this region, one
conduction band (CB) and three valence bands (VB) are present. Because of the absence

of symmetry along the c-axis, a degeneracy appears due to crystal field splitting (CF),
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1.1. Generalities about nitride semiconductors

corresponding to the p, orbital, whereas p, and p, orbitals are discretized by spin-orbit
coupling, giving rise to the two other bands, light hole (LH) and heavy hole (HH). From
the transitions between CB and one of the VB result the properties of light, including
its polarization. Table 1.3, summarizes the energy involved in the diagram. In the case
of GaN, topmost valence band is HH band, which results in most of the transition being
made perpendicularly to the c-plane, in the so-called transverse electric (TE) polarization.
Unlike GaN, AIN topmost valence band is CF band due to its strong ionic bonding [45].
Therefore, electronic transitions will be mainly done along the c-axis causing light polarized
along the transverse magnetic (TM) polarization.

In concrete terms, TE-polarized light will be propagating along the c-axis and will be able
to escape the device from the top or bottom part, while TM-polarized one will propagate in-
plane, making its extraction more difficult in 2D layers. Here however, nanowire geometry
can be a feature of great interest in order to increase the extraction of light allowing the

light to exit the structure by the sidewalls preferentially.

GaN AIN

F7,e

g, ELcfT|E|c

1\

Figure 1.6: Band struc-
ture of GaN and AIN

r / }213meV ]
23meV I‘7,C E A 4 semiconductor around

— Fi,lhhhf_‘\ I' point from [46]. T'7 cr
C

—

refers to the band split-
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Table 1.3: Band structure parameters for AIN and GaN from [1].

AIN GaN
Acr (meV) -200 10
Ago (meV) 19 17

Knowing the composition at which an AlGaN alloy will change its light polarization can
be useful. However, lots of discrepancies have been reported on the composition switching
from 8% up to 83% [46-50] depending on the strain or the film thickness, or on the electric

field in the structure.
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Chapter 1. The III-Nitride family

Polarization effects

Other consequence of the asymmetry of wurtzite crystal is the creation of spontaneous
polarization arising from the fact that N atoms are more electronegative than metal atoms
(xn =~ 3 and Xmetal =~ 1.5). Electronic densities are therefore non-evenly distributed
between atoms, leading to a spontaneous electric field within the crystal. This effect
cancels out from one neighbor to the other but at the boundary of the material, charges
accumulate and are not compensated. The spontaneous polarization coefficient is reported
to be of =90 mC/m? in AIN and —34 mC/m? in GaN [22, 51].

One can leverage this effect as it generates two dimensional hole or electron gas (2DHG /
2DEG) at interfaces, allowing to reach a very low in-plane sheet resistance. AlGaN-based
high electron mobility transistors (HEMT) take advantages of this effect.

In a complementary way, displacing atoms by the strain can modify the distribution
of charges: this is the piezoelectric effect. However, contrary to InGalN alloys, in which
the difference in lattice parameter is high, AlGaN is not very sensitive to this phenomenon

and it will be negligible in our nanowire structures.

1.2 Basics of growth of III-Nitrides

During this work, growth of AlGaN NWs were achieved by the mean of molecular beam
epitaxy. This section aims at giving key elements to understand and dive into epitaxy of
ITI-Nitrides. If this section is not meant to explain all the physic and complex mechanisms
involved in the growth of nitrides, I would like the reader to understand that growth is the
foundation of all devices. Growth rules defect and impurity levels within the material and

governs atomic arrangements, defining the overall quality of your device.

1.2.1 Introduction to epitaxy of III-Nitrides
Epitaxy?

Starting from a substrate, one is able to grow layers on top. If the two materials are
linked by any crystallographic relationship then, the growth is called epitaxial. As its
etymology means, epitaxy refers to any crystal growth which has specific orientation with
respect to the crystal beneath it. When the seed crystal is the same as the new one it is
called homoepitaxy, when the two differ it is called heteroepitaxy.

In order to grow the layer, one needs to send atoms, which will be able to crystallize
making bound with the substrates and other impinging atoms. The substrate is the crystal
imposing the crystal orientation to the grown layer. Atoms impinging on the surface can
undergo different phenomena. Atoms can diffuse on the surface over a characteristic length

Ap. Then, they can be linked to the substrate in two ways: physisorption which is a weak
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1.2. Basics of growth of ITI-Nitrides

link by Van der Walls bonds or chemisorption which involves strong bounds with the
formation of crystal. The atom moves from one site to another as they are energetically
separated by a diffusion barrier D = Dy exp(—FEp/kT). However, in the meantime, atoms
can be re-evaporated from the surface. The resident time 7 = 1oexp(F4/kT) is the
characteristic time an atom stays on the surface.

Finally, diffusion length Ap depends on both diffusion barrier height to jump from one state
to the other and on the time spent on the surface giving A\p = v/27 D Important note: these
relationships hold because the growth does not occur at thermodynamic equilibrium and
is governed by kinetics and therefore by diffusion phenomena. The temperature is a key
point in the growth process. Indeed, growing at high temperature will increase the diffusion

coefficient but lower the resident time of the atoms on the surface.

¢ @
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o ®
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Figure 1.7: Hlustration of a surface during epitaxial growth with different mechanisms occurring.

Strain and relaxation

To begin with, one must introduce the so-called lattice mismatch Aa/a and strain e

coefficient. If a; is the lattice parameters of the layer and as the one of the substrate then

we have:
Aa _ s (1.3)
a G '
a; — Qg
€= 1.4
- (1.4

In homoepitaxy, the lattice mismatch is equal to zero since a; = as; and no strain
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Chapter 1. The III-Nitride family

is induced. However, in heteroepitaxy the grown layer has to adapt to the substrate.
The accommodation is done first by elastic deformation of the layer inducing strain: it is a
pseudomorphic (or coherent) growth. The larger the mismatch, the larger the deformation.
A limited amount of elastic energy can be stored, depending on the material. At a certain
threshold, called critical thickness, the system evolves in a plastic relaxation mode. The
elastic energy is enough for the layer to create a defect, such as a dislocation, in order to
relax. Dislocations can be either screw dislocations, edge dislocations or a mix of the two.
Screw dislocations have a direct impact on the growth because of its characteristic: they
results in the creation of an additional plane on the surface, or in other terms, beautiful
helicoidal looking terraces [52, 53|. Additional strain can be added once the material is
cooled down after the growth. It is particularly the case of GaN on Si, because of the large
difference in thermal expansion coefficient (table 1.4), when cooled down GaN layers will
show cracks.
The strain accommodation of the epitaxial layer can lead to different growth modes:
e Frank — wvan der Merve (FM) mode refers to the classical layer-by-layer growth.
When adatom-surface interaction is stronger than adatom-adatom interaction, the
substrate surface is wet by impinging atoms that are incorporated progressively. This

is typically the case for homoepitaxy.

e Stranski — Krastanov (SK) mode (Figure 1.8 left). After reaching the critical thick-
ness, the accumulation of strain becomes high enough in the layer for it to relax and
results in the creation of free surfaces, i.e. 3D islands, built on a 2D layer, called
wetting layer. SK growth is mainly used for GaN/AIN or InGaN/GaN quantum dots

heterostructures.

o Volmer — Weber (VM) mode (Figure 1.8 middle and right) is the extreme case
in term of lattice mismatch. Because of the large difference in lattice parameters,
adatoms prefer to be linked to other adatoms rather than the surface. It results in

the formation of 3D islands in order to reduce the strain, without any wetting layer

on the substrate.

VW mode

SK mode VW mode Nanocolumns formation

Figure 1.8: Schematics of layer growth mode in SK mode and VW mode and VW after longer
growth duration up to nanocolumns formation.
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1.2. Basics of growth of ITI-Nitrides

Table 1.4: Lattice mismatch and thermally induced strain of materials with respect to GaN
(0001) (from [54, 55]).

Material GaN  AIN Sapp. Si 6H-SiC
Orientation (001) (0001) (0001) (111) (0001)
Lattice constant (A) 3.189 3.112  4.758 543  3.08
Lattice mismatch (%) 0 -2.4 ~16  -17 -3.5
Thermal expansion (pK) 559  4.15 ~ 7 3.6 4.3
Thermal mismatch (%) 0 34 -20  ~100 30

1.2.2 From layers to nanowires

The latter scenario is indeed the growth mode of III-N NWs which is a catalyst-free
mode. They can only be grown on substrates exhibiting large lattice mismatch, or in
growth conditions reducing the adatom diffusion on the surface. The use of a masking
layer, carefully chosen, is also possible in order to perform selective area growth (SAG)
and get arrays of well ordered NWs [56]. The following describes the growth mechanisms of
NWs by molecular beam epitaxy, even if part of the discussion holds for other techniques.
GaN and AlGaN NWs grown on various substrates have been studied extensively in dif-
ferent research laboratories and by former PhDs of the team. Therefore, the following
paragraphs will detail the mechanisms ruling NWs growth, without going into the details.
To go further, I encourage the reader to have a look at the work of Karine HESTROFFER,
Thomas AUZELLE, Sergio FERNANDEZ-GARRIDO and Raffella CALARCO and many oth-
ers [29, 57-64].

First of all, a nanowire is defined as a column-shaped crystal, self-organized, having an
aspect ratio of few tens and typically of below 200 nm diameter.

Starting with a clean (111)-Si substrate, we will work at a high growth temperature
for GaN (~800°C) in order to increase Ga diffusion length with a III/N ratio below one.
In such conditions, Ga can diffuse on the surface until it finds a N atom to bound to: the
nuclei is formed. At this stage, it can either dissociate and re-evaporate or grow if other
atoms reach it and bind. Once the nuclei is large enough, it will stop growing laterally
because of the accumulated strain and rather grow vertically in order to relax. The 3D
island is now formed and will act as a “diffusion pump”. Indeed, Ga atom diffusing on the
substrate surface will be able to reach a nuclei, and contribute to its growth rather than
forming a new one. The NWs are grown catalyst-free since no external element acts in
order to perform the growth, contrary to II-VI NWs for instance which are assisted by gold
droplets [65].

How does this scenario change with growth parameters? If the Metal/Nitrogen ratio

increases, Ga atoms won’t be able to diffuse much on the surface because the probability
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Figure 1.9: Diagram of growth regimes from [63].

to bind to a N atom will be larger, favoring the nucleation process. The limit case of Metal
rich corresponds to an infinite density of nuclei on the surface, leading to a 2D layer. The
temperature is also a key parameter since it plays a role on the diffusion length but favors
desorption and dissociation. Thus, a too low temperature will result in a high degree of
coalescence while a too high temperature will give rise to inhomogeneous and sparse NWs

or no nanowire at all. This is summarized in the diagram in figure 1.9.

Nucleation time is also a key parameter as it rules the beginning of the NW growth [66].
Under high temperature or low Ga flux, dissociation rate is high and the nucleation happens
in an asynchronous manner. This delay between NWs nucleations will translate into height
inhomogeneities since all of them grow at the same rate. Height inhomogeneities are
detrimental because it increases shadowing effects and makes metal deposition difficult for
further electrical characterizations. Tuning substrate temperature and Ga flux accordingly,
allows one to have a relatively quick nucleation time (typically between 3 to 8 minutes)
and get homogeneous NWs. Figure 1.10 shows typical NW morphologies one can get by

changing growth parameters at nucleation in MBE.

The case of GaN was used but what would happen with AIN NWs? Since Al has a small
diffusion coefficient compared to Ga, the direct growth of AIN NWs on Si is difficult to
achieve and would require growing at around 1200°C, which is challenging. The feasibility
has been demonstrated on sputtered TiN on Si in the work of Azadmand et al. in the
Paul Drude institute [67]. Otherwise, the main strategy is to first grow GaN NWs stems
as template to further grow the AIN NWs on top of it.
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(a) N3522: Tuu = 850C (b) N3784: Tiy, = 820C

Figure 1.10: Scanning electron microscope cross sectional images of N3522 (a) and N3784 (b)
highlighting different morphologies depending on the substrate temperature during the nucleation
stage. Both were grown with a Ga/N flux of ~ 0.3.

1.2.3 Growth techniques

To achieve epitaxial growth, three main techniques exist:

e Hydride Vapor Phase Epitary (HVPE) is one of them. A HCI gas flow reacts with a
hot liquid Ga in order to produce GaCl gas, which will meet NH3 at the surface of the
substrate. This technique presents several advantages. It does not introduce oxygen
or carbon, increasing the crystal purity, the growth takes place at high temperature
and high pressure, and therefore close to thermodynamic equilibrium, in addition to
a growth rate as high as 500 pm/h. Nevertheless, it is not possible to dope or get a
structured material. It is particularly well suited for the realization of thick buffer

layers or the production of substrates such as free-standing GaN.

e Most widely used in the industry, Metal Organic Vapor Phase Epitaxry (MOVPE)
or Metal-Organic Chemical Vapor Deposition (MOCVD) is close to HVPE. Major
difference is the use of carbon-based precursors such as trimethylgallium Ga(CHz)q4
or trimethylaluminum (Aly(CHs),) along with NH3. Again, precursors are brought
to the substrate surface, which is heated and allows the reaction of the species. The
adjustable growth rate and substrate temperature make it useful in order to precisely
control thickness or alloy composition compared to HVPE. However, growers have to
be careful on the level of oxygen, carbon or hydrogen incorporated in the structure,
which could be to the expense of crystal quality and device performances.

These two first techniques are chemical deposition techniques because they both involve
chemical reactions between provided molecules. A schematic of their functioning is given
in figure 1.11. A third one is classified as a physical technique since the source material
are atoms and no longer molecules.

e Molecular Beam Epitary (MBE) is the technique used to grow the samples presented

in this manuscript, the machine being sketched on figure 1.12. The growth takes
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Figure 1.11: Schematics of HVPE and MOCVD growth process.

place in general in an ultra-high vacuum chamber (~ 10~® mbar) in which the sub-
strate is facing different cells, each sending atomic flux. Thanks to the high vacuum,
mean free path of atoms in such conditions is veery large, which ensures no interac-
tion between them and a ballistic regime. Also the lower growth rate and the nature
of the interaction makes MBE most suited for sharp interfaces and controlled het-
erojunctions. The growth usually occurs at lower temperature than in MOCVD and
further away from thermodynamic equilibrium, allowing a high degree of freedom on
the growth, which is primarily governed by kinetics.

Next section will focus more on the technical details of MBE and especially of the machine

used.

PAMBE technical details

Molecular beam epitaxy of III-Nitride is done using Knudsen cells in order to provide
metallic species such as Al, Ga, In, Mg or Si. In those Knudsen cells, a high purity material
is put in a crucible (either made of pyrolytic boron nitride or graphite), which will be heated
by Joule effect thanks to a filament. The material is evaporated (Al, Ga, In) or sublimated
(Si or Mg) giving rise to the atomic beam. On its side, nitrogen source can be achieve
by two means: ammonia dissociation in so-called NH3-MBE or through nitrogen plasma,
which is our case. A nitrogen flow is sent through a plasma cell which will dissociate
Ny into N radicals by radio-frequency power, giving the name of radio-frequency plasma
assisted MBE or RF-PAMBE. Two plasma cells can be used in our chamber depending on
the growth condition one wants, one working at a No flow of 0.8 sccm and a RF power of
300 W, the second working at 2.5 sccm and 600 W. Samples are mounted on two inches
In-free molyblocks and are held by a manipulator equipped with a heater made of a SiC
filament, allowing growth at high temperature (up to 1100°C). Temperature is recorded
by a thermocouple put at the rear face of the sample. The manipulator can move along
four degrees of freedom and is placed so that it gets the most of the beams with the

best homogeneity. A quadrupole mass spectrometer is installed in the chamber and allows
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control of the atomic species present in the chamber. An additional chamber is also present
which allows us to do oxygen plasma treatment and outgasing of the substrates by heating
them up to 300°C.
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1 bar - 10 mbar. ~ 10 mbar

Cowre ] 51

MBE chamber

—| Oxygen

~ Pressure Gauge
—| Plasma

Turbomolecular

um|
pume Manipulator

-} Filament

Turbomolecular
um -
pump - 1 Substrate

RHEED Gun

Preparation Chamber
~ 10 mbar

Figure 1.12: Schematics of the molecular beam epitaxy system used during this work.

Monitoring by reflection high energy electron diffraction

Working under ultra-high vacuum can be difficult, for maintenance for instance, yet
it is an advantage as it allows the use of electron beam. Reflection high energy electron
diffraction (RHEED) technique is the main tool to monitor growth in-situ and perform a
first characterization. An electron beam is sent onto the sample with a grazing incident
(~ 2°) and an energy of 32 keV. The electrons will be diffracted by the surface features
and form a pattern corresponding to its structure.

On a perfectly smooth surface, the direct reflection of the beam can be seen alongside
some infinitesimally small spots resulting from the intersection of Ewald’s sphere with the
reciprocal space of the lattice. Dealing with substrate with long terraces, at high temper-
ature and with a non-ideal beam, allows one to instead observe elongated lines separated
by a distance corresponding to the inverse on the in-plane lattice constant. If the surface
roughens, the beam is partly transmitted through the asperities. The resulting signal will
be streaky lines. If the roughness is large and 3D structures appear, the corresponding
out-of-plane periodicity can be found in the RHEED signal. Spots will be predominant
with both in-plane and out-of-plane lattice parameter accessible from the distance between
the spots.

RHEED is the most useful tool in the MBE chamber. Firstly, it is used in order to
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calibrate the growth rate by observing so-called RHEED oscillations. They are oscillations
in reflected beam intensity arising from the periodic completion of layer in monolayer
by monolayer growth. Thus, their periodicity is directly linked to the rate at which the
surface is being grown. To get more details, see appendix A. Secondly, (111)-Si has a
specific feature in that it presents a surface reconstruction transition from a 7x7 to a 1x1
at around 860°C [68]. This pattern, shown in figure 1.13a, is therefore used in this work
to calibrate substrate temperature and to check the surface deoxidation. Thirdly, RHEED
can monitor the nucleation time of nanowires. Indeed, NWs being columnar crystallites,
the nucleation corresponds to a roughening of the surface with formation of spots on the
RHEED signal (Figure 1.13b — 1.13d). Therefore, the grower can have a clue on the
density of NWs thanks to the speed at which the dot appears. At the beginning NWs can
be tilted, resulting in an annular shaped RHEED signal vanishing with growth duration.

(a) Clean (111)-Si substrate exhibiting a 7x7 (b) 9 minutes after the beginning of NW
surface reconstruction at Tsup,=820°C. growth.

(¢) 12 minutes after the beginning of NW (d) 4 hours after the beginning of NW growth.
growth.

Figure 1.13: RHEED patterns observed in various cases.
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1.3 Characterization techniques

After the growth, structural characterizations can be performed in order to assess

structural quality and overall morphology of the samples.

1.3.1 Electron microscopy

Electron microscopy techniques are a must when one wants to image nanostructured
objects. Because of diffraction, the resolution of an image can not be lower than the
wavelength of the probe. In case of optical microscopy, this limit is around 800 nm, which
is too large compared to the studied structures. Using an electron beam allows to get
higher resolution since the wavelength of the beam is typically less than an angstrom.
The beam is formed by a field effect gun producing a highly coherent and bright source.
Afterwards, the beam goes through a series of electromagnetic lenses in order to be shaped
and focused on the sample.

Depending on the acceleration voltage and the atomic number of the species, the interaction
volume, so-called interaction pear, can be tuned to probe the near surface or deeper in the
volume. It exists several interactions between the incoming electrons and the sample arising

from ionization, elastic or inelastic scattering or absorption of the electrons in the material.

e Secondary electrons (SE) which are low energy electrons and originate from the

ionization of atoms close to the surface.

e Back-scattered electrons (BSE) which arise from the 'reflected’ electron beam

and exhibit higher energy.

e X-rays generated from the interaction between the beam and the atom’s electrons
(see 1.3.2).

e Light or current induced by injection related phenomenon (see 2.3.2 or 2.3.2).

e Interactions acting on the transmitted beam if any.

Because of the wide variety of interactions between electron and matter, a lot of in-
formation can be extracted. In addition, each signal comes from a certain area of the
interaction pear, as highlighted in figure 1.14. Electron microscopes are of two kinds,

which are schematically shown below (1.15):

Scanning electron microscope (SEM): The sample surface is scanned by the electron
beam, which has a typical acceleration voltage between 3 to 30 kV. It allows to have
a spatial resolution down to ten nanometers in SE mode. Easy to use, it can perform
a lot of experiments. In this work, a ZEISS Ultrab5 model was used to observe NWs
morphology, characteristic dimensions, density and to measure atomic concentration

by EDX.
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Figure 1.14: Cartoon of an interaction pear and associated signals.
Depth of the interaction pear is extracted from simulations using Casino software.

Transmission electron microscope (TEM): In a TEM, the electron beam is collected
after having passed through the sample. It needs to be transparent to electron
usually by thinning a lamella or directly in the case of nanostructures such as thin
NWs. Operating at higher acceleration voltage than a SEM (between 60 kV to 300
kV) and on thin specimen allows the spatial resolution to be considerably improved.
Several techniques are available depending on the information one wants to get. For
instance, high-resolution scanning TEM (HR-STEM) by high angle annular dark
field (HAADF) is a technique that has been used in order to image atomically thin

layers of material based on atomic Z-contrast.

1.3.2 Energy dispersive X-ray spectroscopy

As mentioned hereabove, X-rays can be produced in the material as electrons from
atom’s inner shell may be ejected by the impact with the beam and leave a hole. This
hole will, shortly after, be filled by an electron coming for the outer shell. This transition
will be the responsible for the X-ray generation, with a characteristic energy according
to the atom electronic structure and the involved transition. Every atom has a distinct
structure making its set of X-rays energy peak unique, similar to an ID card (table 1.5). By
recording the energy spectrum from the material, the chemical composition of a sample can
be deduced with a spatial resolution being the one of the interaction pear. The emission of

X-rays is a random process following Poisson’s law. In order to get an accurate spectrum
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Figure 1.15: Sketch of (a) a scanning electron microscope and (b) a transmission electron
microscope (from [69, 70]).

and therefore an accurate measure of sample composition, it is important to acquire a lot
of X-ray photons. Peaks can overlap making the de-correlation of species difficult and the
counting yield important in order to best fit the data. A concrete case is the case of Mg
doped GaN in which Mg K, line (1.25 eV) is close to the Ga Lg line (1.24 eV). Nevertheless,
it is possible after a rigorous work of calibration of the detectors and counting to be able

to reach a detection limit of few 108 at/cm?

Table 1.5: X-ray energy of various transitions and atoms. Energy values are given in keV.

K, Kz L. Lg

N 03 — — —
Al 149 156 — —
Ga 924 103 1.10 1.24
In 241 27.2 3.28 3.49
Si 174 184 — @ —
Mg 125 130 —  —

1.4 Summary of Chapter 1

Chapter 1 was primarily designed to introduce the material family, and highlight its

relevant specificities in the scope of this work. Therefore, a focus on AlGaN is done from a
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crystallographic and electronic point of view. Growth of nitrides was also detailed in order
to give a glimpse on how one can obtain high quality crystal and how to grow AIN and GaN
nanowires specifically. An overview of the experimental techniques used to characterize the

samples after the growth was finally done, in a brief manner.

34




CHAPTER 2

From the material to the LED

This chapter is dedicated to the semiconductor physics behind light emit-

ting diodes and other devices. Light emission mechanisms as well as

electrical transport mechanisms will be presented. Lastly, device realiza-

tion and characterization techniques used in this work are detailed.
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Chapter 2. From the material to the LED

2.1 Physics of light emitting diodes

A light emitting diode can be decomposed in several parts. Firstly, it is a diode and
therefore a pn-junction, which implies to understand how the current can flow in such
structure and its limitations in the case of wide bandgap semiconductors. The physics of a
pn-junction will be detailed after discussing the transport mechanisms occurring in doped
semiconductors. Secondly, optical properties of semiconductors in general and of LEDs in
particular will be discussed in a third part before having a look on figures of merits and

architectures.

2.1.1 Electrical transport in doped semiconductors

Doping

A recall of the quantities and their meaning might be useful before diving into the topic.
Especially, I want to emphasize the differences between impurity concentration denoted
[X], dopant concentration, effective doping and free carrier concentration, which can be
summarized in figure 2.1. The concentration of atom X, refers to the number of atoms per
volume of material. A dopant can be characterized by its ionization energy which defines
the position of its energy level with respect to either valence or conduction band, according
to its type: E4 or Ep for acceptor and donor respectively. If this energy is of the order
of kT, the dopant will be called shallow, otherwise it will be called “deep”. The deeper
the energy level, the strongest the interaction between the atom and its charge, the lower
the ratio of ionized atoms, hence free carriers at a given temperature. Finally, the carrier
density refers to the number of free carriers available in the band, either p holes in VB or

n electrons in CB.

Dopant concentration Effective doping
(at/cm?) (cm?3)

[ND] or[N,] N IN;-N,|

Unintentional impurities
Crystal quality

Substitutional lonization energy
Temperature

Doping level

Interstitial
Passivated

Figure 2.1: Illustration of the link between dopant concentration, effective doping and free carrier
concentration (adapted from [71]).

As one dopes a semiconductor in-situ (i.e.during the growth), Fermi level shifts toward
either VB or CB. Because of this, the formation energy of defects can be changed. In
general, the thermodynamic will have tendency to compensate the doping induced by
creating certain intrinsic defects such as vacancies or complexes. This effect is especially
true in wide bandgap semiconductors since plethora of states can lie in their large gap.

Those can act as compensating centers and reduce the doping efficiency (figure 2.2a vs

38




2.1. Physics of light emitting diodes

figure 2.2b). Effective doping Neg is defined as the difference between donor and acceptor
concentrations |[Np — N4|. In III-N, metal vacancies are known to act as acceptors while
N vacancies as donors [72-74]. In order to increase free carrier concentration, one can
adjust the amount of dopant. However, the effective doping is the quantity referring to
dopants still able to be ionized excluding the one that have been compensated. One can
act on the growth in order to decrease the compensation and reduce the difference between
dopant concentration and effective doping. Then only a fraction of this concentration
will be ionized depending on the ionization energy of the dopant and the temperature.
Figure 2.2¢ aims at describing the phenomenon from an energy band diagram point of
view. For a more quantitative perspective, following the book of LooK [75], appendix B
gives a modeling and simulation result of the carrier concentration depending on these

parameters.

Metal vacancy

Donor in metal site
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(a) Donor in metal substitution. (b) Donor in substitution with an (c) Schematic of band diagram in
acceptor in nitrogen substitution case of five donors located at a
and a metal vacancy. single level Ep, compensated by
two different acceptors at energy
levels E41 and Eas.

Figure 2.2: Schematics of a n-type nitride lattice in the case of non-compensation and
compensation and a sketch of its associated band diagram. Ep line represents the single energy
level of the donor in metal site, while 41 and F 4 lines represent the two acceptors energy levels
of this example namely a metal vacancy and an acceptor in nitrogen site.

Ohmic conduction

The most common transport behavior in doped semiconductors is Ohmic transport or
band transport. Free charges are delocalized in conduction or valence band and their mean
free path is large. When an electric field E' is applied, free charges are set in motion and

flow: Ohm’s law applies as written in equation 2.1 in the case of a n-type semiconductor:
Johm = nquE = oFE (2.1)

J being the current density, o the conductivity and n the free electron concentration. p

is the mobility which represents the ease with which the charged particles can move in
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the material. This mobility is directly affected by scattering centers (i.e.point defects,
dislocation, foreign atoms, or phonons) and is, in general, dependent on the temperature.
Mobility ranging between tens to a several hundreds of cm?/(V.s) have been reported in
n-doped GaN and AIN [76-80]

Hopping conduction

When few electrons are present in conduction band and lots of available states lie into
the forbidden gap, hopping conduction can be favored. Instead of being delocalized in CB
like in ohmic conduction, charge carriers are localized around a discrete level. If another
available state is in the close environment with respect to its wave-function, it exists a
probability for it to tunnel and hop from one to another. Hopping conduction is highly
dependent on the number of states, being for instance dopants or defects. The higher their
density, the easier the probability to tunnel to an available level: the so-called Nearest-
Neighbor (NN) hopping model. It is also dependent on the temperature as it allows the
charges to reach levels that would be at energy levels slightly different. In this case, variable
range (VR) hopping model applies. The mechanism is schematically drawn in figure 2.3
and compared with Ohmic conduction regime.

Mott was one of the first to have modeled this regime. He predicted and experimentally

assessed the temperature dependence of the conductivity in hopping regime [81]:

T\ P
0 = 0p €xp (—;) (2.2)

However, the value of 8 reveals the hopping conduction at play: NN hopping if 3 =1 or
VR hopping 8 = 1/4 82, 83].

Energy, £
CB :
| ”Ohmic conduction
o~/ — P N
- . — o 20— o * VR hopping
— -~ HighTvs Low T
EmF:y state

>
Space

Figure 2.3: Schematics of ohmic and hopping conduction of electrons. Red, blue and green circles
correspond to electron in one of the three transport regimes.
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Impact ionization

In the case of high electric field, the total energy of charges flowing in a material can
become large. To a certain extent, this energy can become large enough to ionized electron
from the lattice atoms in a so-called impact ionization process. Current flows in a so-called
avalanche where multiplication of charges occurs in a self-sustaining manner. Detrimental
from a material point of view, multiplication can lead to breakdown of device. The so-
called breakdown field quantifies the electric field a material can sustain before it undergoes
breakdown but greatly depends on crystal quality. Some values for various materials are
reported in table 2.1 along with their energy bandgap. Avalanche photodiodes and single
photon detectors take advantage of this phenomenon in order to create a non negligible

current once a single photon is absorbed in the high electric field region.

Table 2.1: Energy band gap and breakdown field of several semiconductors (from [84-87])

AIN GaN Diamond SiC Si

Bandgap (eV) 6.2 3.4 5.5 3 11
Breakdown field (MV/cm) 10 5 20 2 02

Space-charge limited current

In material exhibiting low free carrier densities, space-charge limited current can be
observed as electrical transport regime. It occurs when electrons are directly injected from
the contact into conduction band and can be assisted by traps. Primarily described by
Lampert [88] and Rose [89], the current flow follows a power law J o< V¢ with a > 2. In
most cases, at low bias, Ohm’s law applies thanks to background free charges that might
be present in the material. At a certain voltage, CB band bends enough so that the carriers
injected from the contact become in excess with respect to the ones present in the material
at thermodynamic equilibrium. Once this regime is established, current follows Child’s
law: oen

J=33 v? (2.3)
where, € is the dielectric permittivity of the material, 1z the mobility of carriers in the band
and a the distance between the anode and cathode. Traps can influence the electrostatics
at the interface between the metal and the semiconductor. In particular, being charged or
not, different dependencies can be present at different voltage regimes. Transition between
Ohm’s law and Child’s law can be abrupt because of the repulsion from deep traps or
smooth in the case of shallow trap. More details will be given on this theory in Chapter 4

as it is a mechanism found in Si-doped AIN NWs.
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2.1.2 The pn-junction as building block

The pn-junction is the base of the diode in the LED. It aims at providing electrons
and holes in the active media where their conversion into light occurs. As any diode,
pn-junctions are non-linear electronic devices, governed by mechanisms which could seem

simple at first sight but may exhibit a high level of intricacy in complex device structures.

Electrostatics of an ideal pn-junction

A schematic of a pn-junction is given in figure 2.4. At the metallurgic interface between
a n-doped and p-doped semiconductor, diffusion of free electrons from the n-side and
holes from p-side occurs. It results in the recombination of nearby carriers, leaving an
interface with only ionized donors and acceptors called space charge region (SCR). In this
region charges are fixed and unbalanced leading to the creation of an electric field and a
corresponding built-in voltage Vj;. For Np donors and N4 acceptors in either side, the

charge neutrality equation gives the following relationship:

kT NpN.
vb,:ln< D2A> (2.4)
q n;
with k£ Boltzmann’s constant, 7' the temperature in K, ¢ the elementary charge, n; the
intrinsic carrier density of the material. Solving Poisson’s equation ‘fT‘Q/ = —g, with the ad-

equate boundary conditions, leads to the following expression of the width of the depletion

region as function of the applied bias:

-y
w_\/ =D (5 + 7)) (25)

At equilibrium, only few minority carriers might be able to diffuse to the SCR and generate

a current. This current is called saturation current and can be expressed as:

D D
I, = gAn? N L 2.6
where A is the junction area, D, , the diffusion coefficient and L,,, the diffusion length.
Under a reverse bias, electrons and holes are pulled away from the SCR increasing its width
and avoiding current to flow (figure 2.4c). On the contrary, when the junction is forward
biased, the potential barrier is decreased and electrons and holes are allowed to flow across

the junction. Shockley equation dictates the current behavior of pn-junction as:

I=1, [exp (ﬁ;) - 1] (2.7)
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with 7 the ideality factor which is equal to 1 in perfect diode and in low injection regime. In
passing mode, current flows exponentially as the voltage is increased and the pn-junction

barrier is lowered.
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Figure 2.4: Schematics of a pn-junction and its band diagram at equilibrium and under a forward
and reverse bias.

Real diode current-voltage characteristics

In reality, a device is not so simplistic. Especially, current cannot increase exponentially
to infinity. Once the barrier is fully lowered, other resistances will be predominant. Neutral
regions, because they are doped semiconductors, have non null resistivity which will limit
the current at high bias. Parasitic parallel resistances are often seen as they will act as
favored current path and lead to leakage current. If this resistance is low enough a non-
negligible part of the current will shunt the pn-junction. This effect can be seen at low bias
and mostly in reverse bias. Taking into account possible parasitic and series resistances,
the corresponding electrical circuit can be drawn as in figure 2.5. Since the potential drop
applied on the diode is now different than the potential drop at the pn-junction, Schokley
equation can be rewritten as:

I - V_R—ZRS = I exp (
with Vp =V — IRy and ip = I — Vp/R,.

An equivalent circuit can be drawn as in figure 2.5. Parallel resistance will have a strong

q(V — IRS))

T (2.8)

impact on the reverse current, as it will be able to shunt the pn-junction. Whereas, series
resistance will be more limiting the current flow once the pn-junction barrier is lowering
and therefore seen in forward bias.

Beside, diodes and especially GaN based diodes are not ideal pn-junctions. An ideality
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Figure 2.5: Equivalent circuit of a real diode. Potential drop Vp and current flowing into the
LED i¢p are no longer equivalent to the total potential drop V and current I.

factor greater than one is often needed to fit the I-V characteristics of such components. If
usually n ~ 1 is reported for silicon diodes, the case of III-V materials is more problematic.
Values of around 2 have been reported for III-Phosphide [90] and ranging from ~ 1 up to 6.9
have been reported in nitride pn-junctions [91-94|. Metal-semiconductor interfaces, trap-
assisted recombination or tunnelling are the candidates accounting for those discrepancies,

yet without clear understanding.

2.1.3 Light emission mechanisms

In semiconductors, electrons and holes can either recombine radiatively or non-radiatively.
In a LED, as in any optoelectronic devices, the non-radiative recombination will be detri-
mental for the overall performances.

In the first place, electrons in conduction band and holes in valence band are needed.
This excitation step can be realized by absorption of photons with an energy higher than
the bandgap (optical pumping), by direct injection of carriers through electron irradiation
(electronic pumping) or by electrical injection thanks to a pn-junction. For carriers to
recombine, they must be spatially close enough and for a sufficiently long period of time.
Or in other words, the recombination is directly linked to the overlap of electrons and holes
wave-functions. Optical confinement of carriers by the mean of adequate structuration of
the material is therefore an option to adjust their localization. More details will be given
in part 2.1.5.

Once electrons and holes are in their respective bands, the system tends to reach a
lower energy level putting the electron back in valence band, making them recombine.

This recombination can involve several transition and several paths (figure 2.6).

e Direct transition from the band edge leads to a photon with energy equal to the

bandgap of the material.

e Free excitonic (FX) recombination is similar to the direct one but involves an

electron hole pair interacting and forming quasi particle called an exciton. The total
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energy is reduced by a value corresponding to the Coulomb interaction between the
two particles. Exciton binding energy being large even in bulk GaN (22 meV [95]) and
AIN (50 meV [96]), they can remain stable at room temperature, while dissociated

in other materials such as GaAs or Si.

e Donor / acceptor related luminescence arises from the interaction of electrons
and holes with charged impurities. As donors and acceptors are charged, Coulomb
interaction between them and charge carriers reduce photon energy depending on
those impurity levels with respect to bandgap. In addition if an acceptor and a
donor are close to each other, they can attract electrons and holes and produce light
with an energy depending on the species and their distance, this is the so-called

donor-acceptor pairs (DAP) luminescence.
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Figure 2.6: Representation of different types of recombination in semiconductors. Non exhaustive
list.

In general, the most efficient way to make light is excitonic and direct recombination
because it is the fastest mechanisms to emit light. On the other hand, emission from DAP
is very slow because electron and hole are not spatially at the same location and the overlap

of their wavefunctions is low.

2.1.4 Performance and figures of merit

The physical background of both electrical and optical properties of semiconductors
being set, it is time to discuss LED performances. In an ideal and perfect LED, one
electron injected recombines with one hole and creates one photon. The yield is then of
1 as one electron is converted into one photon. But the reality is more complex and the

plurality of figure of merits in the field of light source emphasizes it.
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From a wide-angle perspective, the simplest efficiency to be considered is the power
efficiency or wall-plug efficiency WPE. It is the ratio between the output optical power

Pyptical and the input electrical power Pyjectrical:

Poptical o Poptical

WPE = =
P electrical v

(2.9)

with I the current flowing through the diode and V' the voltage. Behind the wall-plug
efficiency lies the idea of power of the photon, which is not relevant when one wants to

compare the efficiency from a particle point of view.

The external quantum efficiency EQE is defined as the ratio of photons Nz emitted

per electrons injected N,-:

ND _ q- Poptical
N,- hvl

EQE = (2.10)
with v the photon frequency and h Planck’s constant. EQE gives the direct conversion
efficiency in the sense that it answers to the question: How many photons do I generate
when I inject N electrons?. This quantity represents the Holy Grail for light emitters and
is the most important figure of merits. It only differs from the WPE by the ratio of photon
energy over electron energy hv/qV. However, between the injection of electrons and the
detection of photons, a lot of phenomena occurs. Therefore, EQE can be decomposed in

several components, tracing back the story of the emission.

The injection efficiency 7;,; quantifies the proportion of electrons reaching the emit-
ting area with respect to the injected ones. Sometimes it is merged with the internal
quantum efficiency IQE, which quantifies the percentage of radiative recombination
with respect to all the recombination occurring in the active area. A well known model is
the so-called ABC model of Shockley, Read and Hall [97]. In the assumption of hole and

electron density being equals, one can state:

B-n?

IQE =
Q A-n+B-n?+C-n

(2.11)

with B the radiative recombination term, A the term accounting for trap-assisted non-
radiative recombination and C the term accounting for high injection regime non-radiative

recombination.

Finally, generated photons still need to escape the device, which can be difficult in
particular for UV light and planar device. The ratio of escaping photons over the total
number of photons generated is called light extraction efficiency LEE.

All in all EQE can be written as:

EQE = niy; X IQE x LEE (2.12)
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Figure 2.7 is a schematic view of the progress of electrons that are injected in a LED

till the extraction of generated photons, and aims at illustrating some of the main losses.

x electrons injected overflow of carriers

losses in neutral
regions

y photons created

VB

non-radiative

recombinations z photons

collected

Figure 2.7: Simplified schematic of the process of conversion of z electrons into z collectable
photons by the mean of LED heterostructure.

Knowing the number of photons generated inside the structure is almost impossible,
thus making impossible the exact measurement of the LEE of LED. Computation and
simulation however are of great help in this field [98, 99]. Similarly, it is difficult to
dissociate niyj from the IQE, which can be estimated by the mean of approximations (more
or less ‘“true”) or based on models such as the ABC model. In order to bypass those
limitations, often efficiencies are gathered together or assumed to be constant with respect

to a setup parameter.

2.1.5 LED architectures

The physic of a LED is simple: a bias is applied on a pn-junction, electrons and
holes are injected from their respective sides, they gathered at the interface where they
can recombine giving rise to a photon of the energy corresponding to the bandgap of
the material. As described in figure 2.7, several phenomena can lead to losses, therefore

strategies to overcome them have been developed.

Electrical improvements

p-type conductivity: In order to increase the number of charge carriers reaching the
active area, the neutral regions must have a conductivity as high as possible. In the case
of AlGaN, p-type doping is usually the limiting factor since ionization energy of Mg ranges
from 250 meV in GaN to 600 meV in AIN [100-102] which leads to a hole concentration

of around 0.1% of N4 at room temperature. Various approaches have been investigated
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such as p-doped superlattice [103], tunnel junctions [104] or codoping with indium in

nanowires [105] in order to promote hole injection.

Blocking layers: Electron Blocking Layer (EBL) and its counterpart Hole Blocking
Layer (HBL) are structures used to reduce electron and hole overflow and increase the
amount of carriers confined into the active area. EBL (resp. HBL) consists in the juxtapo-
sition of the active area and a material with a higher bandgap with a band offset making
it suitable to create a barrier inside conduction (resp. valence band) without blocking the
hole (resp. electron) flow. Several studies especially in shorter wavelength emitters have
demonstrated its efficiency [106-109]. However, no semiconductor has higher bandgap than

AIN hence, it is not possible to make those structures in pure AIN-based device.
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Figure 2.8: Two architectures used in order to improve LED efficiency: (a) by increasing Mg
ionization rate and free hole concentration in p-AlGaN layers and (b) by the use of an EBL in
order to reduce electron overflow.

Optical improvements

Active area design: To get a high photon generation rate, electrons and holes must be
spatially close to each other and have an energy level difference corresponding to the desired
photon energy. In order to obtain this combination of effects, quantum well structures are
widely used. It consists of a region called well in between two higher bandgap regions
called barriers. Doing so, carriers will be localized within the well and spatially confined.
In addition, for thin enough wells, energy levels are discrete and depend on the thickness,

allowing one to tune the emission wavelength of the device. Extending this concept, the
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three dimensional quantum well is called quantum dot and implies a stronger confinement

of carriers. Further discussion along with experimental results are presented in Chapter 3.

Surface patterning: The photon extraction can be particularly difficult in the case of
DUV AlGaN emitters because of TM polarization and the lack of transparent electrodes.
Because of the lack of efficient p-type transparent materials the main strategy is to extract
the light from the transparent sapphire/AIN substrate. However, it implies the loss of
half of the photons in the p-side and the low refractive index difference makes the amount
of internal reflection important. In this context, pattering of sapphire substrates and the
use of a reflector, can improve LEE as shown in [110], [111], [99] or [112]. Nanowires
appear as a non-conventional solution: indeed their patterning into photonic array, the
average refractive index being different than the one of compact layer and their ability to

be detached from their substrate make them interesting, to say the least.

2.2 Processing of the NWs

Between the growth of the NWs and their electrical characterizations, device has to be
realized. Due to their small size, contacting of individual NWs is tedius and can result
in bad electrical contact. In order to have a more reliable electrical contact and probe
more than a single NWs, large arrays composed of several thousands of them are realized
in clean room. To do so, metal is being deposited on the top of the sample, ensuring their
electrical connection.

Therefore, this section aims to give the reader the recipe used to process the as-grown
samples and turn them into devices. Processing of the samples took place at Neel Institute’s
clean room NanoFab. Standard single step optical lithography was applied in order to

deposit metal on top of the sample and electrically connect thousands of nanowires.

1. The first step consists of spin coating a bilayer positive UV photoresist:
(a) 200 nm of LOR 3A at 4000 rpm/s acceleration and 4000 rpm speed for 30
seconds followed by a 2 minutes baking at 200°C

(b) 400 nm of S1805 at 6000 rpm /s acceleration and 4000 rpm speed for 30 seconds
followed by a 1 minute baking at 115°C

2. Optical lithography is performed either by laser lithography (DWL 66 fs 405 nm laser
diode) or by a Smartprint projector equipped with different lenses in order to obtain

different resolution.

3. A 60 seconds bath in pure MF26 is done to develop the resist, followed by a rinsing

in two water beakers before nitrogen blow drying.
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4. In order to remove potential residue of resist, an oxygen plasma is applied for 6 — 8

secondes at 10 W and 50 sccm in a Reactive Ion Etching system.

5. Metal deposition is done by electron beam evaporation from pure metallic crucibles
for most of the metals. A deposition rate of 1 A/s was used and a 10° angle was set
in order to avoid direct deposition of the metal at the bottom of the wires. Only ITO

was deposited using magnetron sputtering at 50 W and an argon flow of 10 sccm.

6. The lift-off step is realized in pure N-Méthyl-2-pyrrolidone (NMP or Remover PG)
at 80°C for at least 3 hours followed by an isopropanol cleaning prior to dry the

samples with dry nitrogen. A gentle ultrasonic bath could be useful in order to help
the lift-off.

7. Finally, when needed, annealing of metals took place in a tubular oven under a
nitrogen flow. Temperatures are set and kept constant at 500°C for Ni/Au and
600°C for Ti/Al and Pt/Pd/Au metal stacks.

Morphology of the nanowires are of major importance. If the roughness is too large and
the coalescence too little, the metal deposition step would be difficult. In order to make
a proper layer, the metal has to stick and remain on the sample surface. Sometimes, the
deposition is made impossible as NWs do not exhibit the same height and a coalescence
degree smaller than at least 90%. As an example, figure 2.9 shows two NW morphologies
from SEM images as well as the result after the same process. After lift-off, no metal
remained on the top of the NWs which have structural inhomogeneities (figure 2.9a).

Clean room process can be tedius and disappointing sometimes. I hope people willing

to continue this technique, will be able to reproduce the process and adapt it if needed.

2.3 Characterization techniques

2.3.1 Current-Voltage characteristics

Current voltage characterization is the most simple technique to characterize electrical
behavior of a device. After processing of the nanowires, the sample is glued on an alumina
plate using silver paste in order to electrically isolate it from sample holder. Using tungsten
tip mounted on nano-manipulators, the deposited metal is connected to make the top
contact. A second tip is put on the silver paste or directly on the Si wafer which is highly
conductive; it is the bottom contact. The tips are then connected with triaxial cables to
source measurement units (SMU) which can be:

o Keithley 2612 / 2636: standard current and voltage source units (detection limit

down to 100 fA and 0.1 fA)
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(b) Higher density and coalescence.

Figure 2.9: Top view (left) and cross sectional view (middle) of AIN NWs. Optical microscopy of
after lift-off of Pt/Pd/Au (10 nm/10 nm/50 nm) metal stack. White scale bar is 200 nm. Red
scale bar is 100 pm. On the low density sample, metal did not formed a layer onto the NWs and
has been removed during lift-off.

e Keithley 6517: high impedance electrometer, made to measure high resistances (de-
tection limit down to 1 fA)

o Solartron ModulabXM equipped with high voltage and low current modules: a sys-
tem which can perform simple DC measurements as well as more complex AC and

impedance measurements (sourcing up to 100 V a detection limit down to 0.2 fA).

Detection limit of the full measurement line is higher than the one datasheet reports
because of leakage from ground, discharging time and technical considerations. Keithley
systems were the most used in my thesis with detection limit around 1 pA for the 2612
and 0.1 pA for the 2636 and 6517 SMUs.

The main setup for IV measurements is shown in figure 2.11, consisting of an enclosed
box allowing to reach vacuum down to 10~4 mbar. The sample holder can be heated up
to 350°C and cooled with liquid nitrogen. Because of temperature gradient in the sam-
ple holder, the use of a Pt100 thermocouple glued on the same alumina plate is relevant
in order to measure the sample temperature accurately. A Xenon lamp coupled with a
monochromator (not shown) can be used in order to inject light on the sample or, com-
plementarily, one can collect light from the sample using a photomultiplicator as detector

and the same monochromator.
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Figure 2.10: SEM image of a contacted pad. The -3 V was applied on the pad is responsible for
the different contrast with respect ot the other pads.
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Figure 2.11: Schematic of the probe station used for IV measurements in the enclosed box.

2.3.2 Electron beam based techniques

Two characterization techniques based upon the injection of charge carriers by the

mean of an electron beam were used many times in this PhD.

Electron beam induced current

Electron beam induced current (EBIC) is a great tool when it comes to map electrical
field within a material. A schematic representation of a pn-junction under EBIC measure-
ment is shown in figure 2.12 with relevant values along the junction. The concept is quite
simple: an electron beam is focused onto the material and creates many electron-hole pairs.

Under the effect of an internal electric field, electron and hole will be separated, generating
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Figure 2.12: Schematic of ideal EBIC measurement setup of a pn-junction along with its band
diagram, electric field and EBIC variation.
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a current which one can collect and measure. This internal electric field might come from
any potential barrier (pn-junction, Schottky contact) and/or from the application of a bias
on a structure. If no electric field is present, the particles will recombine and no signal is
detected. Therefore EBIC allows to probe the location of any electric field as long as the

generated carriers can be collected.

In addition, carriers generated close to this region may diffuse and be collected. This
effect being directly linked to the diffusion length of minority carriers, it can be measured
as EBIC scales, in these conditions, with exp(—x/Ly, ). However, this is true only in low
injection regime in which minority carriers are the only contributor to the signal. Otherwise
both electrons and holes diffuse and the measured length corresponds to a mix of the two

diffusion lengths.
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Cathodoluminescence

With the electron beam, many electron-hole pairs are generated in the structure. Con-
trary to EBIC, one is interested in the light arising from the radiative recombination of
those pairs. Therefore the goal is no longer to separated the charges. Cathodoluminescence
(CL) is very similar to photoluminescence (PL) but allows to reach a spatial resolution of
the size of the interaction pear (few tens of nm) and to excite any material regardless their
bandgap. One drawback is the difficulty to inject carrier in sufficiently low concentration
in the material and perform accurate injection dependent measurements. Since no laser
able to optically pump and excite AIN is available in Grenoble, CL is the main tool used

to probe the optical properties of our samples.
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Figure 2.13: Schematic of the SEM setup used for EBIC, CL and EL measurements.

Both EBIC and CL experiments can be performed in the same setup shown in fig-
ure 2.13 which is a custom SEM. From the one hand, it is equipped with a parabolic
mirror used to collect the light created by the sample and direct it towards a spectrometer
for CL experiments. On the other hand, the stage is equipped with four nanomanipula-
tors connected to SMU via triaxial cables for EBIC and IV measurements. Moreover, the
sample holder can be cooled with liquid helium down to 5K. Using this versatile tool, elec-
troluminescence can be measured in this setup as well. To do so, the carriers are injected

electrically by the tips and the light is collected as in CL.
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2.4 Summary of Chapter 2

Chapter 2 is primarily focused on the basics on physics of light emitting diodes and
aimed at setting the vocabulary as well as the concept that will be discussed in the following
chapters. Clean room process is detailed in order to promote its reproducibility through
generations and, perhaps, laboratories. Finally, a focus is made on the two main setup
and experimental techniques applied along this research work in order to characterize the

sample, either basic material or complex heterostructures.
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CHAPTER 3

Controlling light emission in the
UV-C range in AIN NWs

In this chapter, means of producing light in the UV-C range are investi-
gated, putting in perspective growth mechanisms and structural and op-
tical characteristics. First, the realization of pure binary AIN / GaN
heterostructures is addressed. Then, the particular case of AlGaN with

very low Ga content is reported and its properties are studied.
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Chapter 3. UV-C emission form AIN NWs

3.1 Routes to UV-C emission

3.1.1 AlGaN based structures

As stated in the introduction and in Chapter 1, ITI-Nitrides (except BN) are direct
bandgap semiconductors and alloying them allows one to emit light in a wide spectral
range. For emission below 350 nm, either AlGaN or AlInN with In content > 0.25% [113],
can be used. The growth of AlInN is known to be challenging because of the large difference
in bond strength between Al-N and In-N as well the large difference in typical growth
temperatures. In spite of these physical considerations, its growth is still possible but is

not in the scope of this work.
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Figure 3.1: (a) Variation of the near band-edge emission energy as function of the Al content in
the AlGaN layer (from [114]). (b) Examples of variations of emission wavelength depending on
the family of ITI-N alloy used (from [1]).

In regards of more standard AlGaN thin films, their growth is much easier to control,
allowing one to target an emission in the whole UV range (figure 3.1) [1, 114, 115]. The
more common structure for this purpose remains a quantum well (QW). Since its thickness
controls bandgap energy, engineering of such structure is quite simple and rely on mainly
four parameters: AlGaN layer thickness and composition of wells and barriers. However,
it requires some experience since interface roughness and overall homogeneity over wells
and barriers are key parameters, needing an accurate optimization.

(Al)GaN quantum dots (QD) are also a way to reach deep UV by confining the exciton in
three directions and good results have been shown with such structures [116-118]. However
because these dots are Stranski-Krastanov (SK) dots, a wetting layer acting as a QW will
first form prior to relax in a QD. Strain accommodation is the driving force for their
formation and can be limiting in some cases, for instance in AlGaN QDs if the strain is

too low.
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3.1. Routes to UV-C emission

3.1.2 Nanowires specificity

It is not possible to achieve 3D confinement of excitons in MBE grown NWs because
of their diameter of 50-100 nm which is still to large. Firstly, SK QDs can’t be grown
because of strain relaxation at the NW sidewalls which prevents the transition into island
growth mode. Secondly, the exciton size being of roughly 3 nm in GaN, the nanowire itself
is too large to confine it in this plane.

The solution left is to create a 1D confinement by growing AlGaN QWs (also called
quantum disks) along c-axis. At first sight, it appears to be a reasonably simple solution,
supported by the state-of-the-art of DUV LEDs. However, working with nanowires is more
difficult as they are not particularly suited for controlled growth of AlGaN alloy. As already
reported many times, AlGaN NWs are subject to large compositional inhomogeneities in
axial and radial directions. Noticeably, growth often results in self-assembled and irregular
AIN/GaN superlattice-like structures as shown in figure 3.2 [119-124]. In addition, fluc-
tuations can be large, nucleation of AlGaN sections can be delayed [119]. The plurality of
reports in various systems, such as m-plane MOCVD grown NWs, supports the fact that
this property is intrinsic to the material itself under growth conditions commonly used.
Physical explanation lies in several points. Firstly, the difference in diffusion length be-
tween Ga and Al leads to an excess of Al on the NWs sidewalls, unable to reach the top
facet. This results in a larger radial growth rate compared to GaN NWs as well as a
deficit of Al atoms with respect to Ga ones. Furthermore, Al takes priority over Ga when
incorporating in a growing layer, leading to Ga accumulation on the surface prior to its
own incorporation. Structural properties of AlGaN NWs were associated to their optical
properties, which shows strong localization and single-photon emission properties [125].
In view of these considerations, the precise control of both composition and thickness of

several quantum wells on an assembly of thousands of NWs is challenging.

3.1.3 Binary heterostructures

To avoid ternary alloys, the solution left is the growth of binary AIN/GaN heterostruc-
tures. By reducing the size of GaN QWs down to a few monolayers, the extreme con-
finement results in a large UV-shift of the GaN QW emission. Advantages are numerous:
tunable wavelength between ~230 nm to 350 nm, high confinement leading to an increased
IQE [126] and negligible quantum confined stark effect thanks to reduced thickness. This
solution presents also the advantage of producing a TE-polarized light propagating along
c-axis, contrary to AlGaN with Al > 60%, which is TM-polarized.

An emission wavelength of 237 nm has already been demonstrated in MOCVD grown
short-period superlattices of 0.9 ML GaN QWs [127], and recently reproduced by MBE by
the group of Prof Jena (figure 3.3) [128, 129]. Although precise control of growth at the

monolayer level is very challenging even for MBE systems, it is even more complicated in
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Figure 3.2: Alloy fluctuations in AlGaN NWs

NWs and a unique report has been published [130]. For all the reasons discussed above, this

concept is logically the one chosen in this work to achieve UV-C emission in a controlled

manner.
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Figure 3.3: a) HR-TEM image of ML thin GaN quantum wells in AIN barriers. b)
Electroluminescence ML thin QW LEDs according to the GaN quantum well thickness. Both
from Islam et al. [129].

3.2 GalN wells into AIN barriers

3.2.1 Standard growth

To start this study, four samples have been grown on 5 nm TiN mask sputtered on
(111)-Si substrate. More details can be found in Appendix E. Secondary electron images

of one of the samples are presented in figure 3.4, showing a much lower density and few
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coalesced NWs thanks to the nucleation on TiN mask. These morphologies are particularly
suited for optical characterizations and NW dispersion for TEM observations. After the
growth of a 500 nm long GaN stem at a temperature of 790°C, a 200 nm long AIN section
was grown at a temperature of 850°C both at III/N ratio of 0.4. Subsequently, the growth
of the active region was performed according to the growth procedure detailed in figure 3.5

and at a temperature of 700°C. Finally, a 30 nm thick AIN cap was realized.

Figure 3.4: SEM cross sectional and top view of one of the four samples of the present study.

Ten quantum wells were grown by applying a nitrogen flux of ~0.16 ML/s and a Ga
flux of ~0.1 ML/s for a variable duration ¢g, ranging between 4 and 40 seconds. For each
samples, AIN barriers were grown for 100 seconds with an Al flux of ~0.1 ML/s. Changes

in GaN quantum wells thickness had no influence on the NWs morphology.
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Figure 3.5: Growth diagram of the emitting region of the samples. tg, stands for GaN growth
duration.

Optical characterizations were done by CL at room temperature, scanning a large 100
um? area with a 15 kV e-beam. A comparison of normalized CL spectra can be found
in figure 3.6. For 40 seconds exposure, a single peak is observed centered at 340 nm, in

agreement with a GaN quantum well emitting at smaller wavelength than bulk GaN. For
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duration of 20 seconds, the main peak shifts towards higher energies and reaches 280 nm.
The QWs being thinner, confinement energy increases resulting in this emission energy

shift.

Energy (eV)
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Figure 3.6: Room tem-
perature CL spectra
of samples containing
GaN QW with various
QW growth duration.

Normalized CL intensity (a.u.)
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This trend changes as the duration is further reduced. In both the 10s and 4s samples,
the smaller wavelength emitted shifts towards lower wavelengths, as expected. However,
several peaks are present and overlap. This effect is attributed to large QW thickness
fluctuations.

This can be understood as the nucleation of a layer is a stochastic process at the scale
of a NWs. Especially, the nucleation probability is proportional to the density of adatoms.
If one can precisely control this flux on 2D layers, growing such structures on NWs is more
troublesome. In the light of Gruart et al. [131], the nucleation of the top layer is initiated
at the periphery of NW, where adatoms density is the largest. However, depending on its
diameter and on shadow effect, the contribution of adatoms coming from the NW sidewalls
can be different from one nanowire to another. Therefore, the time for a layer to form can

be slightly different from NW to NW.
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3.2. GalN wells into AIN barriers

In the end, growing thin GaN quantum wells in AIN barriers by exposing the nanowires
to a simultaneous flux of metal and nitrogen is tedious due to the nature of the nucleation
of monolayers and the variability in NW geometries. If the latter would require perfectly
identical NWs, made possible by the use of patterned substrates, the first can be adjusted

by growth mechanisms, as demonstrated in the next section.

3.2.2 Alternating fluxes

State-of-the-art growth of c-plane GaN thin films relies on the growth in metal rich
conditions. In such manner, a liquid Ga bilayer forms which increases diffusion length
and reduces surface roughness, among others [132-134|. Particularly, this bilayer is self-
regulated and limited to two atomic layers on Ga-polar and one monolayer in the case of
N-polar surface [135]. Despite these great assets, growth in metal rich conditions is not
suited in the case of nanowires because it implies their enlargement, along with coalescence
and structural defects [131]. However, it is still possible to grow in pseudo metal rich
conditions by saturating the surface. This technique is used in thin films to grow atomically
thin AIN layers [136] or AlGaAs [137] in the so-called migration enhanced epitaxy (MEE).
By alternalty supplying Al and N species, MEE allows to enhance surface migration of
adatoms on the surface.

Three samples have been grown with the same nucleation steps as the previous ones.
Only the active area recipe changes with a growth at 750°C, following the shutter sequence
in figure 3.7. One cycle is now composed of a sequence of metal and nitrogen exposures.
This permits metal atoms to diffuse and accumulate at the top of the NWs. Once it is
filled, this metal layer is exposed to nitrogen to form the nitride layer. The process is
repeated twice for the growth of AIN barrier and between one and three times for GaN
QW. A longer Al exposure with respect to Ga one is applied in order to balance Al shorter
diffusion length. Nitrogen is supplied at a larger flux to make sure no metal atoms remain
at the top and they are all incorporated, especially Al which does not desorb at such

temperatures.

Table 3.1: Description of samples with the number of (Ga/N) cycle repetition.

Sample name N3702 N3703 N3704
# (Ga/N) cycle 1 2 3

Figure 3.8 shows CL spectra measured at room temperature of the three samples,
acquired at the same position on the three wafers. With 1x(Ga/N) cycle, a weak and wide
peak is observed at 245 nm with a large contribution of the GaN stem at ~350 nm. On
the other side with 3x(Ga/N) cycles, N3704 shows similar characteristics as the 40s GaN

sample in figure 3.6 with a main peak at 320 nm but with an additional contribution at 265
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Figure 3.7: Growth diagram of the emitting region of the new samples with N and Metal
exposures alternated. Example for N3703.

nm. With 2x(Ga/N) cycles, N3703 exhibits three peaks at 240 nm, 265 nm and 285 nm,
in addition to the signal arising from the GaN stem. Remarkably, peaks are aligned from

samples to samples. This plurality of peaks is consistent with the supposed discreteness of
the GaN well thickness.

To go further, additional CL measurements at 5 K were performed on the latter sample,
and at various position along the wafer. Results are shown in figure 3.9. Several peaks from
239 nm to 304 nm appear and are aligned with each others, with variable intensity. As the

measurement area is displaced towards the edge of the wafer, peaks shift towards higher

Energy (eV)
6.0 55 5.0 4.5 4.0 3.5
71 300K a1 x (Ga/N) 7
=2 x (Ga/N) ]

=3 x(Ga/N) ]

CL intensity (a.u.)
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Figure 3.8: Room temperature CL spectra of samples grown with alternate exposures for 1, 2 and
3 x (Ga/N) cycles.
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Figure 3.9: Normalized CL spectra of 2 x (Ga/N) sample for various positions along the wafer.
Dark curves are at 5 K. When presents, light curves are measured at 300 K. Right cartoon
represents a wafer slice with the positions on which CL signal was acquired.

wavelength in a discrete fashion. These observations are consistent with the presence of
different GaN well sizes of 1, 2, 3 and 4 monolayers thick. These fluctuations across the
sample can be explained by the temperature gradient at the substrate surface. Because
the temperature reduces by ~ 20 degrees, desorption of Ga atoms is changed [138]. Thus,
the amount of Ga at the top of the wire before nitridation increases as the temperature

decreases which leads to thicker well.

High angle annular dark field (HAADF') high resolution (HR) STEM images were taken
on a similar sample (N3698) but grown at too high temperature leading to the presence
of luminescence only at the wafer edge (not shown). Nevertheless, its CL properties were
identical to N3703 at 18 mm. HR STEM images reveal the presence of 1-2 ML thick GaN
wells into 5-6 ML thick AIN barriers (Figure 3.10). These slight fluctuations show that
even if the active area formation has been improved by alternating the fluxes, interfaces are
not perfectly regular and further improvements can probably be made during the growth.
The presence of a rather thick AIN shell around the QW area can also be observed in
figure 3.10 (a), which will probably introduce strain in an hydrostatic manner and affect

the emission energy.

With lighter colors in figure 3.9, room temperature CL spectra at approximately the
same positions were recorded and plotted with the one at 5 K in figure 3.9. All the peaks
can still be clearly distinguished without changes in their positions. It confirmed the
marked robustness of the luminescence and points towards a high degree of localization of

excitons in the nanostructure.
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Figure 3.10: HAADF STEM images of N3698 taken at around 24 mm. (a) Large view of the
NWs showing the quantum well region, indicated by the pink rectangle and arrows. (b-c)
HR-STEM images of the ultra-thin quantum wells.

CL spectra were acquired as function of the temperature at the 20 mm position of N3703
(Figure 3.11 (a)) and CL intensities were integrated around the three peaks denoted by
stars (Figure 3.11 (b)). They all show a similar behavior with a ratio CL(300 K)/CL(5 K)
of around 20% which is relatively high at these wavelengths.

CL mapping at 5 K were acquired using a photomultiplicator. Images are shown in
figure 3.11 (c-e). From the map at 370 nm one can clearly see the contribution of the
GaN stems. The hyperspectral map in figure 3.11 (e), color-coded as red, green and blu,
correspond to 287, 267 and 240 nm, respectively. Blue, green and red pixels are distinct
indicating that each NW emits at a single wavelength and contribute to only one of the three
peaks. Therefore, the inhomogeneity observed in figure 3.11 (a) is due to ML thickness
variation from NW to NW and not within the NWs. These variations might arise from
variations in NW diameter and shadow effect, which would lead to different metal atoms

at the top of the wire, thus to different thicknesses.

To conclude this study, its is of good practice to look at this result in the light of
previous reports. Figure 3.12 proposes a literature review of luminescence wavelength for
GaN ultra-thin quantum wells into AIN barriers grown on c-plane. Except for the work
of Aiello et al. and Wu et al., all are in 2D layers. The results of the present work follow
the trend observed in the literature, however slightly shifted towards higher wavelengths
by ~ 20 nm. Two possible facts could account for this shift, one experimental bias and

one physical effect.

Firstly, thickness measurement of ML thin QW is challenging and uncompleted mono-
layers or interface roughness leading to important potential fluctuations and thus different
emission energies. Some articles used high-resolution X-Ray diffraction while others relied
on direct measurements of HR-STEM images or simulations. Independently of the method-

ology applied, uncertainties are present on the QW size. In the present work, according to
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Figure 3.11: (a) Temperature dependent CL spectra of N3703. Stars denote the peaks used in (b)
and (e). (b) Integrated CL spectra as function of the temperature. The integration bounds are
+ 5 nm centered at the peak position indicated in the legend. (¢) Secondary electron image of

the scanned area for (d-e). (d) CL map at 370 nm. (e) Hyperspectral CL map of the area. Blue:

240 nm, green: 267 nm, red: 287 nm. Spectral window for maps in (d) and (e) is of + 3 nm.

TEM images, the shorter wavelengths would correspond more to a 1-1.5 ML than a pure
1 ML and uncertainties on the thickness of + 0.2 ML is assumed. Moreover, AIN barrier
thickness is not always mentioned, even if this value if of importance. Especially, a thinner
barrier would lead to an emission shifted towards smaller energies and could account for

some of the discrepancies observed.

Another explanation lies in the strain state of GaN QWs. The fact that the emission
is systematically red-shifted points towards more relaxed GaN QW in NWs compared
to 2D layers. To account for this, several points must be recalled. On the first hand,
as previously reported, the critical thickness of GaN layer on AIN is of at least 2.4 ML
but highly depends on growth temperature and threading dislocation density [139, 140].
Therefore, NW geometry could be seen as a perfect crystal without extended defects.
However, it has been reported that in GaN quantum disks embedded in AIN NWs, misfit
dislocations may appear in the AIN shell allowing the crystal relaxation in the case of 2.5
nm thick disks corresponding to about 5 MLs [141]. On the other hand, in the present
case of very thin GaN quantum disks between 1 and 4 MLs, the presence of the thick AIN
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shell (Figure 3.15) adds a non-negligible strain component along c-axis by contrast to the
purely in-plane biaxial strain in 2D layers [142]. All these facts make difficult to conclude
on how the strain state of GaN QW in NWs differs from those in thin films.
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Figure 3.12: Review of reported room temperature luminescence peak wavelength for monolayers
thin GaN wells into AIN barriers on c-plane. Squares are for simulated data [143-145], circles and
crosses are for experimental values in thin films [126-129, 146-154] and nanowires [130, 155]
respectively. y error bars on are of the size of the marker corresponding to + 2 nm. Grey dashed
line is a guide for the eye.
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3.3 Ga doped AIN NWs

3.3.1 Beyond GalN wells

In regards of the previous results, the realization of a LED was attempted. The growth
of sample N3784 was performed on Si substrate and the overall growth will be detailed in
Chapter 6. In order to increase the homogeneity over the wafer and from NW to NW, a
modified growth was used for the active area, which is shown in figure 3.13. It consists
in 5 repetitions of only 2 x (Al / N) and 1 x (Ga / N) cycles. To further increase Ga
diffusion, growth temperature was raised to 800°C instead of the 750°C previously used.
Moreover, gallium flux was tripled compared to previous samples to 0.3 ML /s, in order to

increase bi-layer coverage on top of the NWs and counteract its desorption.
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Figure 3.13: Growth diagram of the active area of sample N3784.

Results from CL experiments are displayed on figure 3.14. From CL spectra at room
temperature (Figure 3.14a), the main peak centered at 285 nm is attributed to the signal
arising from the active region with contribution from GaN sections at around 360 nm and a
blue band at ~ 420 nm, supposedly due to donor-acceptor pairs (DAP) recombination. The
main peak at 285 nm is attributed to the active region but is found to be at much higher
wavelength compared to the expected value from ML thin well studied previously. However
and as intended, the recipe led to a better homogeneity of the signal on several millimeters
across the wafer and from NW to NW as shown on the CL mapping of figure 3.14d. Still
some brighter spots can be noticed, which will be assigned in the next paragraphs.

To investigate on the discrepancies of emission wavelength between N3703 and N3784,
HR-TEM images were taken (Figure 3.15). No evidence of presence of QWs were found,
neither any contrast indicating AlIGaN section in the AIN nanowires. EDX in TEM mea-
surements were performed on several NWs and indicate a Ga composition of at most 2%
in the active area and top section while it is less then 1% at the bottom of the AIN sec-
tion. The presence of the p-type GaN cap is interfering with the measurements as a this

GaN shell is also probed. It therefore increases the number of Ga counts but cannot be
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Figure 3.14: a) CL spectra of N3784 at various position along the wafer. b) SE image and c)-d)
CL mapping at 360 nm and 285 nm of N3784 at 7 K.
Spectral resolution is of £+ 2.5 nm.

deconvoluted from the number of Ga in the NW core.

At this point, the question to address is the following: Where does the luminescence
come from? Additional experiments were done in order to answer this question. The

first one consists in excitation dependant photoluminescence. A 244 nm laser was used in

Figure 3.15: HAADF HR-TEM images of sample N3784. Magenta boxes indicates the position of
next images. These images are examples, several locations on several NWs were analyzed.
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order to excite the sample at 5 K and beam power was varied between 5 pW to 500 pW,
measured with a power-meter right before the sample surface. The results are shown in
figure 3.16 (a).

The absence of changes in both intensity and peak shape of the PL spectra points towards
recombination centers that are not saturated in this range of power. It can further discard
the hypothesis of DAP being responsible for the emission as they are known to be very
dependent on the excitation power. Indeed by increasing it, one is able to saturate donor-
acceptor pairs that are far away and exhibit long life-time, while the ones closer to each
others can still recombine. In this case, when DAP are spatially closer, Coulomb interaction
is increased, inducing a shift of the emission towards smaller wavelength, which is not
observed in the present case.

Furthermore, CL spectra of single NWs were also acquired (Figure 3.16 (b) and reveal
that the rather large peak centered at 285 nm is indeed composed of multiple sharp lines. It
points towards the presence of an abundance of recombination centers, confining excitons
in a QD behavior. As shown from the temperature dependence of CL spectra from single

NW in figure 3.16 (c), the confinement is indeed very strong with localization up to around

200 K.
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Figure 3.16: a) Low temperature PL spectra of N3784 at various excitation powers and
integration times. b) Low temperature CL spectra for different number of NWs probed. ¢) CL
spectra with a focused electron beam on a single NW as function of the temperature.

This collection of observation is compatible with strong localization of the exciton on
small GaN clusters in AIN. Especially, since the growth recipe is quite unusual, a peculiar
incorporation of Ga in AIN can be explained in our specific case. Because of the growth
procedure consisting of an alternation of metal and nitrogen exposures, around one ML
thin GaN quantum well was grown prior to be decomposed by the succeeding exposure
to Al [156]. With subsequent N exposure, a proper AIN:Ga layer has formed. Exhibiting
longer diffusion length than their Al homologue, Ga atoms may have distributed unevenly

in the AIN matrix, leading to an AlGaN section with large local compositional fluctuations.
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The higher desorption rate of Ga with respect to Al at high growth temperature accounts

for the rather low Ga content in the whole structure compared to the nominal flux.

3.3.2 Structural and optical properties of Ga doped AIN NWs.

The scenario proposed above matches experimental measurements, however proofs are
weak. To extend the study and strengthen the conclusions, four samples were additionally
grown. 300 nm long GaN stems were grown on (111)-Si substrate at 820°C and under a
Ga/N ratio of 0.3. A 750 nm long AIN section is further grown on top of this stem at
a temperature of 900°C and a Al/N ratio of 0.56. In addition to Al and N fluxes, the
samples were exposed to a slight Ga flux ranging between approximately 0.007 and 0.03
ML/s. The corresponding nominal Ga concentrations were comprised between 1.2 and 5%,
estimated from calibration of the Ga cell flux by RHEED oscillations on 2D GaN layers.
A fifth sample was grown following the same recipe, but without any gallium flux added
during the growth of the AIN section in order to serve as a reference. Table 3.2 summarizes
the relevant growth information during the AIN:Ga and a scheme of the sample with SEM

images are shown in figure 3.17.
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Figure 3.17: a) Scheme of the NWs structure. Cross sectional b) and top view ¢) SEM images of
N3859.

Table 3.2: Gallium cell temperature, equivalent Ga flux and Ga/(Al+Ga) ratio of samples Ga790
and Ga840. The last two columns are derived from RHEED oscillations on 2D surfaces.
Variation of sticking coefficient and Ga desorption were not taken in consideration.

Sample name Sample number Tg, (°C) Ga flux (ML/s) Ga/(Ga+Al) (%)

Reference N3887 no Ga — —
Ga770 N3898 770 0.007 1.2
Ga790 N3859 790 0.01 1.7
Gag10 N3897 810 0.02 3.4
Gal40 N3860 840 0.03 5
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Ga identification by EDX in TEM

Thanks to this simple structure, EDX in TEM could be performed and give more accu-
rate Ga quantification than in N3784. Figure 3.18 presents EDX maps of Ga and Al atoms
at different scales for Ga790 and Ga840 samples while table 3.3 shows Ga concentration
in different areas. At the nanowire scale, it is impossible to distinguish Ga atoms on map-
pings, but quantification was possible as signal from Ga could be clearly observed (not
shown). It indicates an average concentration of around 0.1% in Ga840 and slightly less or
equal in Ga790, close to thee detection limit. Once zoomed in the NW structure, presence
of Ga-rich areas appears by EDX even if no contrast can be seen from HAADF images. For
both samples, the extracted concentrations are of the same order of magnitude, at around
0.3-0.4% in the richest regions, while in the poorest regions, concentrations are below the
detection limit.

The difference in Ga composition with respect to the expected values can be easily
explained. Firstly, the calibration were made at much lower temperature with a desorption
rate of Ga much lower than in the case of NW growth. Secondly, Al has priority over Ga
for its incorporation, which can lead to an increased residence time of Ga on the surface
further promoting its desorption.

It is worth noting that EDX probes atoms all along NW diameter which is around
100 nm thick. Therefore, the concentration extracted by this technique are given for a
certain volume and it is difficult to truly assess the Ga cluster size and local concentration.
Nevertheless, it confirms that Ga is being incorporated in AIN NWs at low concentration
with important fluctuation at different scales, although the differences between the two
samples are difficult to appreciate.

Table 3.3: Ga concentration extracted by EDX in TEM from Ga K, lines. b), g) refer to the

whole areas in figure 3.18 b) and g) and 1,2,3,4 refer to the annotated zones of the respective
maps.

Ga790 Ga&40
1 b) 2 3 4 1 g) 2 3

Ga concentration (%) 0.5 1.00 40 01 4.1 |11 152 04 33
Uncertainty (%o) 05 004 08 01 11]01 0.04 01 0.2

Luminescence properties

Luminescence properties of the samples present more differences than EDX can high-
light. CL investigations were carried out at low temperature under a 15 kV electron
beam and a probe current of ~1 nA in top-view configuration. Results are shown in
figure 3.19 (a). All samples exhibit a wide band emission, extending from about 220 to
300 nm. If Ga840 presents a single peak at 265 nm, its intensity decreases as the Ga flux
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Figure 3.18: EDX maps of Al (blue) and Ga (red) of Ga790 (a-b) and Ga840 (d-e). b) is taken at
the orange dot location while (e-h) are zoomed on the orange rectangle. ¢), f) and g) are the
corresponding HAADF images of b), e) and g) maps.

is reduced. In parallel, a second peak at higher wavelength appears. As regards EDX
results, the hypothesis of local lower Ga concentration is put forward to account for this.
The reference sample presents a band centered at 245 nm, with relatively weak intensity
and seems to be out of the trend drawn by the other sample of the series. Sharp lumi-
nescence lines are put in evidence when probing a reduced number of NWs, as shown for
Ga790 in figure 3.19 (b), suggesting the presence of a wide distribution of carrier local-
ization centers dominating the luminescence properties of single NWs. Averaging signals
from several nanowires give rise to a smooth CL spectrumln addition, low temperature PL
spectra were recorded at different excitation power. The results shown in figure 3.19 (c),
does not show any change in peak shape and a low variation in intensity, consistent with
previous measurements on N3748. Emission from DAP is therefore excluded once again
in AIN:Ga samples. Regarding the reference, its behavior is completely different since it
shows a large reduction of its intensity as the power is increased (not shown). This points
towards recombination center with long lifetime, easily saturated. It is attributed to a
standard defect.

74




3.3. Ga doped AIN NWs

T T T T T T
= Gag40 5K 7 Ga790 5K 412K Gag40 4
1 ==Gasg10 ] Colored lines : Spots Power (W)
== Ga790 7| e—Average T g w48 == 200
| =Ga770 4 =100 =50
e==no Ga 7 ] B 20 10

CL intensity (a.u.) &
PL intensity (a.u.) o

CL intensity (a.u.) &

1 T T T T T T T T T T L E—
200 220 240 260 280 300 200 220 240 260 280 300 240 260 280 300 320
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.19: a) Low temperature CL spectra of Ga790 acquired with a focused beam on 8 NWs
(colored lines) and their average (black line). b) Low temperature CL spectra of a 100 pm? area
of Ga790 and Ga840. c¢) Low temperature PL spectra as function of the power. Spectra have
been normalized by the integration time.

The variation of CL intensity as a function of temperature is plotted in figure 3.20.
The intensity variation as a function of temperature, plotted in inset, shows that at room
temperature it is still 20-30% of the low temperature intensity value. Consistent with
the EDX results, this limited quenching is assigned to the quantum dot-like behavior
of the carrier localization centers resulting from the local Ga concentration fluctuations.
Interestingly, it is clear that the higher energy peak in Ga790 is diminishing faster than its
lower energy counterpart. This phenomenon suggests a charge transfer from higher energy
states to lower ones and is further supported by the variation of intensity as function of
the temperature, observed in the inset of figure 3.20. The 230 nm peak intensity starts
decreasing at around 30 K while the 270 nm peak intensity remains stable up to much
higher temperature. A similar trend, however much weaker, is seen in Ga840 where a

shoulder at higher energy disappears prior the reduction of the main peak intensity.
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Figure 3.20: CL spectra as function of the temperature for Ga790 (a) and Ga840 (b).
Inset: integrated CL intensity as function of the temperature.
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Chapter 3. UV-C emission form AIN NWs

3.3.3 At the edge of alloying

After having studied the properties of the two samples, it is difficult to clearly de-
nominate the formed material. The reduced amount of Ga in AIN, its spatial distribution
and the strong localization of the exciton points towards a semiconductor doped with an
isoelectronic impurity, which would be denoted AIN:Ga. Callsen et al. classified alloy into
two classes: type I alloy which exhibits bound state within bandgap, and type II alloy
which exhibits non discrete band states [157]. A schematic representation of the band
structure of a simple GaP:N is drawn in figure 3.21a. It corresponds to a type I alloy as N
impurity gives a discrete energy state within GaP bandgap. As N concentration increases
more energy levels appear in the band, which correspond to different configurations of
N-N complex, up to a point where the large number of nitrogen leads to the opening of a
band [158]. The physics behind was investigated also in GaAsP:N [159, 160], GalnAs:N,
ZnTe:O [161] or GaN:As and GaN:P [162]. Recent work reports on this effect in GaAsP:N
NWs in which a small percentage (~ 0.1-4 %) of nitrogen is diluted in GaAsP matrix [163,
164]. Their optical properties are close to the one observed in our nanowires.

By opposition to type I alloy, GaAsP and Nitrides are known to belong to group II
alloy, also called mixed-crystal alloy. The introduction of the new atom in the lattice
introduces levels within the band themselves. Therefore, the exciton is not bound to a
state and probe an average potential, leading to broader emission and the bandgap energy
shifting monotonously with alloy composition. AlGaN can be seen as special because of
the reduced size of the exciton, around 2-4 nm [165]. Therefore, it is more sensitive to
local compositional fluctuation which would lead to local potential fluctuation. The effects
of the exciton size on the optical properties of AlGaN with large inhomogeneities were
many times reported. Noticeably, they can translate into strong localization and QD-like
behavior, similarly to type I alloy. [119, 121, 125, 166-168)].

GaP:N o AlGaN
CB increasing %N > CB

()
Eloc
S z Z 3
(V] — =z > g
Wz e = w
Z Z
Z 4
z y Y ~ Y A
VB VB
(a) Type I alloy (b) Type II alloy

Figure 3.21: Schematic band structure representation of (a) GaP:N type I alloy [158, 161] and (b)
AlGaN type II alloy.
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3.3. Ga doped AIN NWs

In the present samples, the emission is several hundreds of meV below the AIN band-
edge, it shifts with Ga concentration and the emission linewidth on NW ensembles is
large. All these experimental facts are in agreement with the definition of type II alloy.
Moreover, the abundance of sharp lines is not compatible with the type I alloy as they
are too numerous and separated by large energies. A sketch of Ga790 band diagram is
proposed in figure 3.22 (a). How CB and VB should be drawn, either flat or in a roller-
coaster manner is not clear and does not really change the interpretation, therefore I have

chosen to make it flat.

The hypothesis of AlGaN nano-clusters is claimed as it is efficiently matching all ob-
servations and compatible with being a type II alloy. EDX measures an average Ga con-
centration on the NW diameter which is of ~100 nm. The exciton radius being 50 times
smaller, it is possible that the concentration is, at the scale of the exciton, 50 times larger
if Ga atoms are closely gathered, giving a concentration up to 10-20%. These AlGaN
clusters could indeed behave as QD with strong exciton localization and confinement en-
ergy. The fact that Ga790 exhibits two peaks at this location on the wafer points towards
the coexistence of two populations of QD varying either in size or in Ga content. How-
ever, the observation of a single peak at smaller energy in Ga840, grown at a larger Ga
flux, is consistent with the fact that clusters size can be adjusted by tuning ting growth

parameters.

Finally, AlGaN remains a type II alloy and we probed its optical properties in the case

of an extremely low Ga concentration.

a) CB b):acpzirmemssinininin:

B4

°
°
°
L]
°
°
L]
)
[ ]
- 0
eo0e
eoe
eoe
eoe
LX)
L]
[ ]
°

[ X KX X )
700000000000000000

eocoo0e 0001:*0.0 o.o. .l.l...

eoe ° :.o.o.:. ® Ga
Q0 0000000 Jooce |® Al
eoeReoeo0000@0000G0® N
o.o.o.*g.-_._p.(.o.o.o. o i
e0e000000 ° eoe Exciton

Figure 3.22: a) Proposed representation of band diagram with small AlGaN cluster as in Ga790.
CB of AIN is not affected but the GaN inclusions create energy levels within the bandgap. Two
different mini-bands are present below AIN CB, spatially randomly distributed. Hopping from

one level to the other can be promoted by thermal energy. b) Schematics representation of short

range alloy fluctuation. Excitons do not probe the same potential as they have different chemical
environments.
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Chapter 3. UV-C emission form AIN NWs

3.4 Summary of Chapter 3

3.4.1 Conclusion on active area realization

This chapter was motivated by a unique guideline but gave rise to two studies, touching
the limit of two systems: the quantum well and the AlGaN alloy.

In a first part, a set of samples has asserted the growth of monolayer thin GaN quantum
wells in nanowire geometry. Leveraging adatom diffusion and alternating metal and nitro-
gen fluxes, binary quantum wells with thicknesses between ~1 and 4 ML were achieved
covering a large range of emission between 240 nm and 300 nm. Results are in the line of
previous reports from the literature, mainly on 2D layers. Luminescence exhibits a high ro-
bustness in temperature which is highly beneficial for room temperature operating devices.
Limiting factors are the inhomogeneities in NWs morphology, which can be overcome by
the use of patterned substrates, and accurate growth conditions to control the amount of
metal adatoms thus well thickness and interface sharpness.

In a second part, the adaptation of the ML thin quantum well in a LED structure
has led to an unexpected result. Peculiar incorporation mechanisms resulted in Ga-doped
AIN NWs. With Ga concentration below 1%, optical properties of the commonly known
standard AlGaN alloy are changed. The sparse and random distribution of Ga atoms are
found to be able to strongly confine the exciton with high robustness and emission energy
spanning in the whole UV-C. This hypothesis of small AlGaN clusters is put forward
in order to explain the majority of the experimental observations. Alternatively to a
challenging growth of homogeneous AlGaN nanowire, the growth of AIN NWs with a
slight Ga flux is found to give the same emission energy, which can be further tuned by

adjusting growth parameters.

3.4.2 To go further

These two studies have achieved some of the challenges and questions identified at the

beginning of this manuscript. Nevertheless, more studies can be done to go further.

On the monolayer thin quantum well study, the homogeneity is stated as a limitation.
Technical development and the use of patterned substrates could pave the way to new
studies on the diffusion of Al adatoms on such structures and the incorporation mechanisms
of Al and Ga in AlGaN NWs. The equivalent has been done with GaN NWs by Gruart et
al. |131] and would be of particular interest in the aim of controlling the growth of ML thin
AIN/GaN structure. The lowest emission wavelength obtain is 239 nm with such binary
system. It would be interesting to see if including 5-15% Al in the GaN well could be used

in order to decrease even further the emission wavelength and at what expense.

Study of Ga doped AIN NWs was not expected in the framework on this thesis and
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3.4. Summary of Chapter 3

appeared at the end of my work. Exploring the way to control the emission properties of
such emitters by varying flux, temperature and growth rate seems to be the most straight-
forward studies to carry. Questions are plentiful. Can the emission linewidth be decreased?
Can single photon emission be achieved from a single Ga cluster located in a single NW?
What is the role of impurities, that are plentiful in AIN, on the luminescence properties of

these clusters?

In this chapter, IQE measurements are never performed in a proper way. The ratio of
CL intensity at room and low temperatures is the main quantity used to assess the quality
of the structures. However this ratio is still not 100 % and can be tricked by non-radiative
defects remaining active at 5 K. A deep study of point defects in AIN NWs is, to my
opinion, a necessity. Literature is sparse and those point defects have to have a detrimental
effect on the luminescence efficiency. Time-resolved luminescence and excitation-dependent
photoluminescence measurements could be a good way to probe other optical properties

of these structures.
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CHAPTER 4

Unraveling transport mechanisms in
Si doped AIN NWs

Specific investigation of transport mechanism in Si-doped AIN nanowires
is conduct in this chapter. Structural study shows that solubility limit of
St in AIN was not reached. FElectrical characterizations allow to iden-
tify two conduction mechanisms at low and high bias. From them, three

silicon levels are identified attributed to different atomic arrangements.
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Chapter 4. Si-doped AIN NWs
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The results presented in this section gave rise to two publications during this PhD
period:
e Rémy Vermeersch, Eric Robin, Ana Cros, Gwénolé Jacopin, Bruno Daudin, and
Julien Pernot. “Shallow donor and DX state in Si doped AIN nanowires grown
by molecular beam epitaxy”. In: Applied Physics Letters 119.26 (December 2021),
p- 262105. DoOI: 10.1063/5.0074454

e Rémy Vermeersch, Gwénolé Jacopin, Bruno Daudin, and Julien Pernot. “DX center
formation in highly Si doped AIN nanowires revealed by trap assisted space-charge
limited current”. In: Applied Physics Letters 120.16 (April 2022), p. 162104. DOI:
10.1063/5.0087789

4.1 A difficult n-type doping of Al-rich AlGaN thin films

4.1.1 General state of the art in Al-rich A1GalN and AIN

Silicon is the most widely used n-type dopant in nitrides. Substituting metal atom, it
exhibits an ionization energy as low as 15 meV [11] and allows to reach high mobility and
electron concentration in GaN thin films and NWs. This relatively low ionization energy
allows to reach metallic behavior starting at free electron density of a few 101® cm™3 [78].
However as one increases the Al content in the AlGaN alloy beyond ~ 60%, a drastic loss in
conductivity is observed, linked with an increasing ionization energy of the dopants [11, 12,
171-173|. The so-called shallow Si donor in GaN turns into a deep donor in Al-rich AlGaN.
In pure AIN, this activation energy can be found between 90 meV [173] and 280 meV [80]. It
has to be noted that these two values have been found from samples grown within the same
group, with the same machine and the same substrates without understanding why they
differed. As shown in figure 4.1, discrepancies are observed but the common agreement is
that Siap; donors have a ionization energy of ~ 300 meV [76, 174-176].

To account for these discrepancies, several candidates are pointed at. As AIN molar
fraction increases the formation energy of aluminum vacancies V) decreases. These vacan-
cies act as compensating centers with several negatively charged states and can be involved
with Si or O atoms [184-186].

4.1.2 Swubstitutional or DX state

Another effect is present which is already known for years in AlGaAs and GaAsP
systems [187-190]. As a matter of fact, Si, Te or S doped AlGaAs exhibits strong dopant-
dependant lattice relaxation. It is typically the case of AlGaN:Si with an AIN molar
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4.1. Current status on n-doped AlGaN
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Figure 4.1: Review of transition level energies of silicon in AIN reported in the literature as a
function of the silicon concentration [11, 76, 80, 172-183]. Optical refers to photoluminescence
techniques, EPR to electron paramagnetic resonance and electrical refers to either Hall or
conductivity measurements. Green and red regions are indicative.

fraction higher than ~ 70%. Si atoms no longer remain on cation sites but will rather

undergo a transition through lattice relaxation [191, 192], following this relationship:

2d° «— d* + DX~ (4.1)

This state, called DX for Donor and Unknown, is related to Si in interstitial site with
ionization energy much larger that the hydrogenic d state (figure 4.2). At rest, DX state
is negatively charged but can be ionized as all donors, exhibiting a large ionization energy.
The main characteristics of the DX center is its trapping behavior leading to persistent
photocurrent. More details can be found in [187], in which Lang and coworkers proposed
a model for Te-based DX centers in AlGaAs, relying on deep level transient spectroscopy

and photocapacitance measurements.

The discussion supported by density functional theory calculations on the nature of
the different Si states in AIN was initiated in the late 1990s and is still ongoing. How-
ever, no consensus appears neither on Si configuration within the AIN lattice nor on its
electronic state and transitions [191, 193-197]. Recently, stabilization of the shallow state
of Si impurity was demonstrated in the case of implanted layers annealed at relatively
low temperatures [183]. Breckenridge and co-workers reported an ionization energy of 70
meV after annealing at 1200°C while a 270 meV ionization energy was found for samples

annealed at higher temperature.
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Chapter 4. Si-doped AIN NWs

(a) d*:Si in Al substitution and its (b) DX™: Si in interstitial site and its two
delocalized electron bound electrons

Figure 4.2: Schematic representation of Si in d and DX configurations [188].

4.2 Structural study of AIN:Si NWs

If all previous studies found in literature rely on 2D AIN, the case of how this system
behaves in a nanowire geometry is unreported adn of particular interest in the aim of

achieving optimal electron transport in a LED, among other devices.

4.2.1 Growth and morphology

All samples of this study were grown in our plasma assisted MBE, on highly conductive
n-type (111)-Si wafer, under N-rich conditions. Prior to growth into the MBE chamber,
native silicon oxide was removed by dipping the substrate in a 10% HF solution for around
30 s and annealed in the MBE chamber first at 300°C for at least one hour and at 950°C for
30 min. A 350 nm GaN stem was first grown at a substrate temperature T}, of 817°C and
a metal over N ratio of ~ 0.3, then AIN section was grown for 2h10 at the same metal over
N ratio and at T, = 880°C. Finally, a 20 nm GaN cap was grown under a Ga / N ratio of
1.2 to promote NW enlargement for further contacting. In all samples, Si cell temperature
of GaN sections was kept at 930°C while it was varied between 750°C to 1300°C in the AIN
sections. Naming of the sample is done so that S900 is the sample grown with Tg; = 900°C
and S0 refers to a sample in which no Si flux was applied during the AIN growth. Figure 4.3
shows a sketch of the structure and SEM images of S900 and S1200.

From those two samples, a change in NW morphology can be seen. Figure 4.4 shows
results of structural study. Following a stable morphology stage for Si effusion cell tem-
perature lower than 1100°C, a transition occurs resulting in the NW widening from 80 to
130 nm, associated with a shortening from 810 to 720 nm, respectively. At very high Si
flux ( Tg; > 1250°C), the coalescence due to the widening leads to a plateau of the NW
diameter. As previously reported for Si and Mg doped GaN NWs [77, 198, 199], this mor-
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4.2. Structural study

n - GaN
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i Figure 4.3: (a) Schematics of

the NWs structure. Top view

4 and cross sectional view of

S900 (b - d) and S1200 (c -
e). Scale bar is 200 nm for all
four SEM images.

phology change can be assigned to an enhancement of adatom diffusion on the NW lateral

m-planes, leading to a higher incorporation on top of the sidewalls and an increase in ra-

dial growth rate compared to the axial one. The formation of a defective shell around the

nanowire as identified by Fang et al. [77| for heavily Si-doped GaN NWs, with a transition

from 6-fold to 12-fold symmetry is not observed here.
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and S1200. Lines are gaussian distribution fits.
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Figure 4.5: (a) Raman spectra of samples under study. The Esj, peak of AIN is at 655 cm ~1.
Silicon reference is added as the bottom spectrum. (b) Raman shifts and full width at half
maximum extracted for gaussian fits of the Foj peak.

4.2.2 Quantification of Si concentration by EDX

Si content was determined by EDX as reported on the top x-axis of figure 4.4. In order

to perform this measurement without being sensitive to the Si signal arising from GaN and

substrate, samples have been dispersed onto a molybdenum sheet. Signal was furthermore

treated and normalized based on signal from undoped AIN thin film obtained under the

same operating conditions. With a detection limit of around 1 x 10! cm™3, only an

average Si concentration from S1200 to S1350 was measured ranging from 6.5 x 10!? cm™

to 1.8 x 102! cm™2 and extrapolation was done for the rest of the samples as shown in

Table 4.1: Description of studied samples with their structural parameters, conductance at room
temperature G3pox and ionization energies Epi 2 used for the fits. A unique value for Ep; and
FEps have been used to fit the whole set of samples. Si concentration from S750 to S1100 are

extrapolated from EDX data (fig. 4.6).

Tgi (°C) [Si] (cm™3) Diameter (nm) Length (nm) Gspor (S) Epi (meV)  Eps (meV)

S0 no Si 79 860 2.0 x 1078 75 700
S750 750 2.4 x10™ 81 815 5.6 x 1077 not measured

S800 800 1.7 x10'° 79 822 1.2 x 1077 75 700
S850 850 1.0 x10'6 79 815 4.6 x 1077 not measured

S870 870 2.2 x10'6 80 804 7.8 x 1077 75 270
S900 900 5.2 x10'6 75 828 1.4 x107° 75 270
S930 930 1.3 x1017 79 828 1.1x 1076 not measured

S1000 1000 9.5 x10'7 79 815 1.7 x 1077 75 270
$1050 1050 3.4 x10'® 82 805 1.1 x 1077 75 270
S1100 1100 9.4 x10'8 89 767 3.1x10°8 75 270
S1200 1200 6.5 x10%? 125 722 6.2 x 1078 not observed 270
S1250 1250 2.0 x1020 128 700 3.6 x 1078  not observed 270
S1300 1300 6.0 x10%° 128 730 1.0 x 1078  not observed 270
S1350 1350 1.7 x10%! 134 730 2.0 x 1078  not observed 64
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figure 4.6. EDX results indicate a Si content lower than the solubility limit in AIN, reported
to occur for 6 x 102! em ™3 in layers [175, 196] consistent with the absence of symmetry

alteration. Si concentration in GaN sections was also measured at a level of 2 x 1020 ¢m 3.

4.2.3 Raman spectroscopy

Figure 4.5 shows the results of Raman spectroscopy performed at University of Valencia.
These measurements were realized in backscattering geometry along growth direction with
a 532 nm Laser operating at 8 mW and focused on the sample. Full-width at half maximum
(FWHM) were extracted from lorentzian fit of the spectrum. Interestingly, no shift of the
FEoy, peak energy is observed even for the highest doping level. However, there is a clear
increase in FWHM starting at a Tg; ~ 1200°C corresponding to a Si flux higher than
the flux corresponding to the onset of NW widening (figure 4.4 (a)). Then, it appears
that the increased Al adatom diffusion length on the side-walls assigned to a Si-induced
surfactant effect will impact the NW morphology at a Si flux significantly lower than the
flux responsible for the increase in o, peak FWHM. In conclusion, Raman spectroscopy
points toward a non-strained ensemble of NWs in average, with large inhomogeneities at

the single NW scale without dopant induced strain change.

4.3 Coexistence of shallow donor and DX center

4.3.1 Basic electrical characterizations

In order to investigate electrical behavior of Si doped AIN NWs, Ti (30 nm) / Al (70
nm) 100 x 100 um? square pads were deposited. Measurements were carried out in two

probe configuration in the setup in the box displayed in figure 2.11 of Section 2.3.1, with
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Chapter 4. Si-doped AIN NWs

a Keithley 6517 high impedance electrometer. Thanks to the high doping level of GaN
sections, they are assumed to have a metallic behavior [77], making the GaN contribution
negligible with respect to the high resistance of the n-AIN section. Contact resistances are
also assumed to be of much less importance than the resistance of n-AIN sections.

[-V characteristics presented on a log—log plot in figure 4.7 (a), show a linear regime
I & V at bias lower than ~ 0.1 V corresponding to Ohmic transport followed by a supra-
linear regime. Due to its V2 dependence, this behavior is attributed to a space-charge
limited current (SCLC) regime in which electrons are injected from the contact into a
material with a low free carrier concentration [88, 89, 200] as previously reported in GaN
and AlGaN structures [201-204]. This phenomenon will be studied in a detailed manner
in Section 4.4.
Fitting of the linear regime (below 0.1 V) with Ohm’s law gives access to the conductance
G = I/V, which is reported on a log-scale in figure 4.7 (b). The room temperature
conductance vs Si cell temperature describes a bell-like curve for the samples with the
lowest Si cell temperatures (Ts; < 1200°C) where the maximum of conductance reaches a
value of 1.4 x 107> S for S900 at [Si] ~ 6 x 10'6 cm™3. This behavior is expected from
the self-compensation of Si already observed by Harris et al. [186] in the same range of
concentration in the case of thin films. The conductance for the samples with the highest
Si cell temperatures (Tg; > 1200°C) shifts toward higher values. This increase is assigned
to the enlargement of the NW, which reduces the impact of the depletion on the wire

conductance. This point will be detailed below.

4.3.2 Shallow donor and DX center

Temperature dependent I-V measurements were performed in order to probe the ion-
ization properties of the donors. Figure 4.8 (a) shows typical I-V curves for samples S900
at different temperatures. For each temperature, the conductance was extracted from a fit
of the linear regime and plotted as a function of 1000/ T in figures 4.8 (c) and (d). Values
can be found in table 4.1.For samples with Tg; < 1200°C (figure 4.8 (c)), two regimes are

present in all measured samples and fitting with:

G:Glexp<—l;£}> +G2exp<—E]£?> (4.2)
was used to extract conductance values and activation energies of the different regimes. At
lower temperatures, an ionization energy of 75 meV is extracted, which is consistent with
the shallow donor state of Si in AIN [183, 198| and predicted to be the hydrogenic one. At
higher temperature, an ionization energy of 270 meV is found, which is attributed to the
DX state of Si [174, 176, 181-183]. Interestingly, SO, S750 (not shown) and S800 exhibit

a higher activation energy of around 700 meV at high temperature, which is inferred from

88




4.3. Focus on Ohmic regime
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Figure 4.7: (a) Room temperature I-V characteristics of samples obtained from two probes
experiments. The black vertical dashed line represents the transition between Ohmic and
space-charge limited current behavior. (b) Conductance extracted from the low voltage Ohmic
regime as function of the Si cell temperature for all samples under study. The dotted line is a
guide for the eyes and the red crosshatched rectangle materializes the morphology transition
boundary.

the ionization energy of residual oxygen in DX state in AlGaN [205]. The energy of 75 meV
found in the lower temperature range for these samples probably arises from the hydrogenic
state of residual O, indistinguishable from the Si one [173, 193, 206]. Regarding samples
grown with Tg; > 1200 °C (figure 4.8(d)), the signature of the DX state is predominant.

Sample S1350 is different, exhibiting an activation energy of 64 meV over the whole
range of studied temperature. This difference makes understandable the different conduc-
tance value at 300 K observed in figure 4.8 (b). The lowering of the activation energy
could be due to the apparition of an impurity band instead of a discrete level, supported
by the large Si concentration of 2 x 102! Si/ cm® measured in this sample. This could give
rise to electrostatic screening between Si dopants as seen in Si-doped GaN for instance 78]
and detailed in the Appendix B (figure B.2) or to variable range hopping conduction as
reported in AIN:Si in ref [175]. However, the high coalescence degree could also be respon-
sible for preferred conduction path at grain boundaries and therefore no solid conclusions

have been drawn to explain this behavior.

As shown in figure 4.8 (e), persistent photocurrent (PPC) was observed in S1200
whereas absent in S900, under a 500 nm illumination. Below bandgap illumination of

the sample under test does not generate electron—hole pairs, which discard the effect of
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charge splitting induced by Fermi level pinning, as reported in Calarco et al. in the case
of GaN NWs [203]. It rather indicates that the deep donor behaves like an electron trap
when the light is turned off, which could be due to optical excitation of DX center [174,
181, 187, 189].

The presence of both shallow and deep Si donors can have multiple origins. DX state
formation is directly linked to thermodynamic equilibrium in which a Si atom lowers its
energy through lattice relaxation. Being out of equilibrium is the reason claimed by Breck-
enridge and coworkers for the presence of shallow donors in implanted Si:AIN [183]. Due
to NW dimensions, surface level pinning arising from surface states at the side walls signif-
icantly modifies the near-surface energy band diagram. A Fermi level pinning on m-plane
AIN at 2.1 eV below conduction band (CB) was reported [207]. In the work of Gordon
et al., the formation energy diagram of d and DX states was computed and showed a
transition between the two occurring at 150 and 640 meV below CB for Si and O, respec-
tively [193]. Because of the large pinning, an effective Fermi level in NWs is expected to
lay below these values for which Si incorporation in d state is favored. This hypothesis
matches the experimental data where shallow donors are found to be the main contributors
for the smallest diameter where the influence of Fermi level pinning is higher. For 130 nm
diameter NWs, growth occurs closer to the bulk case in which DX state formation might

be more favorable.

4.3.3 Effect of Fermi level pinning on the electrical conduction

As seen in figure 4.7 (b), an increase by two orders of magnitude in the conductance
occurs for a Tg; between 1100°C and 1200°C. This sudden increase is opposite to the
observed trend and to the higher ionization energy found previously. It is assumed to result
from the increased diameter from ~ 80 to ~ 130 nm for the highest Si cell temperatures.
Indeed, the small diameter of AIN NWs makes them particularly sensitive to surface states
and Fermi level pinning. Nanowire free surfaces are indeed prone to adsorption of foreign
species, which can modify surface states, leading to a change in band structure. In the case
of non-intentionally doped GaN NWs, Calarco et al. found a Fermi level pinned around
0.55 €V below CB on m-planes [203]. The complete depletion of GaN NWs doped with

3 was reached for a NW diameter of 50 nm. In the

a Si concentration of 1.8 x 10'® cm™
present case, the large value of 2.1 eV is consistent with a full depletion of the AIN NWs
especially for the lowest Si flux.

This hypothesis is further supported by the improved electrical conduction properties
after heating under vacuum or exposed to electron beam, as illustrated in figure 4.9. S1250
exhibits almost two orders of magnitude higher current after one hour of baking at 300°C
in vacuum (figure 4.9). After exposing the sample to air for few minutes, I-V characteristic

returned to its original state assessing the influence of surface states. The same increase
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Figure 4.8: (a) I-V characteristics for different temperatures for samples S900. (c) and (d)
Arrhenius plot of the conductance extracted from Ohmic regime for the samples with a diameter
of 80 nm (c) and 130 nm (d). (e) Current at 1 V over time for S900 and S1200 at room
temperature with or without illumination under a 500 nm light.

in current is observed after exposing the sample to an electron beam as shown in figure
S.4.b. The surface modification by electron irradiation results in half a decade increase in
current after a dose of 0.4 mC/cm?. Further increasing, the dose allowed to increase again

the current up to a given point at which surfaces is expected to be clean.

To quantitatively investigate the depletion and surface effect on AIN NWs properties,
NextNano simulations were performed in order to solve neutrality equation in the studied
system. Appendix C gives details on this software and on how the simulations were done.
Results are displayed in figure 4.10. An ionization energy of 75 meV and no compensation
were assumed. Figure 4.10 (a) displays the CB minimum in the NW plane with a Fermi
level pinning at 2.1 eV from the CB, whereas Figure 4.10 (b) displays the local electron
density for 10" donors/cm?. In this case, it appears that the NW is not fully depleted
but electrons are only located in the core of the wire. In order to evaluate the depletion
region width, we compared the calculated electron densities n in the case of the NWs with

the value npp obtained for bulk-like conditions (i.e., with flatband at surfaces) and plotted
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Figure 4.9: (a) I-V characteristics at 300K of S930 (full line) and S1250 (dashed line) in air
(black), in vacuum (red), in vacuum after annealing at 300°C for an hour (blue) and in air after
being heated (green). (b) I-V characteristics of S900 under e-beam for different electron
irradiation doses

the ratio of the two. Figure 4.10 (c¢) shows a cross section of the NWs with band-edges in

blue for a donor concentration of 1019 ¢cm=3

, in addition to the ratio n = ngp versus the
position for three donor concentrations. For a diameter of 80 nm and Np < 2 x 10 em™3,
the wire is fully depleted, whereas for Np = 3 x 10'® cm™3, only the core is expected to
have an electron density equal to 70% of the bulk one. Full or partial depletion of the wire
results in drastic reduction of the free carrier density and consequently of the conductance.
An effective free electron density in the NW n.g is defined as the average electron density

in the nanowire as follows:

1
et =g [ nlay) dody (43)
S Js
As shown in 4.10(d), the NW width increases from 80 to 130 nm leads to an increase
of several orders of magnitude in the effective carrier density in the 10'® cm™3 range, the

smaller wires being fully depleted while the larger are not. Moreover, the effect is similar if
instead of widening the wire, the Fermi level pinning is lowered to 1 eV. This demonstrates
the relevance of surface passivation in AIN NWs to enhance conduction properties. In this
figure, values from the literature are also reported, highlighting the increase of more than
one order of magnitude in free carrier concentration by changing the ionization energy
from 270 to 75 meV. Since all samples are conductive at room temperature, none of them
were fully depleted, which seems to indicate a lower Fermi level pinning or the presence
of residual O donors in the low Si doped and undoped samples (figure 4.8 (a)) with donor
density Np = [Si] + [O] larger than 2 x 10*® ¢cm ™3,
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Figure 4.10: (a) Simulated conduction band minimum and (b) electron density in the NW plane.

(c) Ratio between NW and bulk electron density (red) and conduction and valence bands (blue)

as a function of the position in the NW. Fermi level is represented by the black line at 0 eV. All
simulations have been computed for a Fermi level pinning of 2.1 eV on m-plane,

Np =10* em™3, and Ep = 75 meV. Only n/npp ratio simulations were performed for various
Np. (d) Simulated effective electron density for two different NW diameters and Fermi level
pinning as a function of the donor concentration. Black circles from [80], black square from [76],
black triangle from [186] with Ep = 270 meV. Blue squares from [183] with Ep = 86 meV.
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4.4 Study of space charged limited current regime

Lots of information are still to be discussed and analyzed from the IV experiments
shown in figure 2.11. If one would have expected a linear behavior of current on a large
voltage range like in standard conductors, experiments tell a different story. The depen-
dance of current with voltage is indeed corresponding to a transport mechanism called

space charged limited current (SCLC).

4.4.1 Trap assisted space-charge limited current theory
Theoretical background

As described by Lampert [88], the simplified theory of SCLC is designed in order to
model current flow in insulator containing traps based on Poisson’s equation and the charge
neutrality equation at quasi-thermal equilibrium. The case of a material with free electron
concentration n containing a single trap with concentration N; located within the forbidden
gap at a single energy level above the Fermi level and a homogenous electronic transport is
hereafter considered. At low bias, Ohmic conduction occurs thanks to the drift of charge

carriers present at thermodynamic equilibrium, following Ohm’s law:

_qnuSV

a

Io (4.4)

where ¢ is the electronic charge, p the carrier mobility, V' the applied voltage between
the anode and cathode separated by a distance a, and S the contact surface. Depending
on the trap nature and its energy position with respect to the Fermi level, a number of
them can be charged close to the contact, repulsing carriers and preventing their direct

injection from the contact. In the case of deep traps, a certain voltage threshold is needed

qa®N¢
2e

of the material. In the case of nanowires with high surface/volume ratio, Vrpr, may be

to overcome this repulsion, which is equal to Vippr, = , € being the dielectric constant
significantly reduced due to poor electrostatic screening [201]. Once this voltage is reached,
the current flow arises from injected carriers at the contact resulting in a steep increase
in current, sometimes wrongly assigned to impact ionization [89]. Starting from Vppr, and
for higher voltages, the current follows Child’s law and is only dependent on the carrier

mobility p , but no longer on the density of electrons n present in the material:

B 8qeuSV?

I
¢ 9q3

(4.5)

However, in the case of shallow traps, and as the Fermi level lies below the trap level
close to the anode, only a fraction might be already neutralized. Accordingly, direct

injection from the contact can occur at voltages lower than Vrpr, ensuing the onset of
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Child’s law at a voltage, Vo_g = egjéz. Here, the free/trapped carrier ratio 0 is defined by
the following equation:
Ne Ec — E;
g— ¢ _ t 4.
N exp< T > (4.6)

with N¢ being the effective density of state of the conduction band, k& Boltzmann’s con-
stant, T' the temperature, and Fc — E; being the relative position of the trap level with
respect to the conduction band. This ratio, smaller than unity, is independent of the ap-
plied voltage. For Vo_g < V < Vppr, the current flows following Child’s law corrected

from 6 smaller than 1,
I 8qehuSV?
¢ 9a?

In the case of V' = Vrpr, filling of all traps occurs, and the current flows in standard

(4.7)

Child’s law regime where 6 takes the value 1.

Experimental facts

IV measurements were redone in order to access higher voltages. To avoid self-heating
due to high electrical power at large bias, a pulsed voltage was used with an optimized ON
state duration of 50 ps and a duty cycle of 2%. Figure 4.11 shows the coefficient m of the

power law I = V™, defined by
_ dlog(1)

" dlog(V) (48)

At higher bias, this linear Ohmic regime evolves toward a space-charge limited regime.
Two behaviors can be distinguished depending on the doping level. For the lowest doped
samples ([Si] < 5 x 10'® cm™3), the transition is associated with a m value reaching more
than 3 at voltages around 1 V. Following the transition regime, a quadratic behavior is
observed. For the most doped samples ([Si] > 10'? cm™3 ), the transition from m = 1 to
m = 2 is monotonous and smooth. For S1200 and S1250, m reaches a value of 2 in a range
of a few volts for which Child’s law regime is obeyed before increasing sharply above 10 V
while it increases for a voltage as low as 4 V in S1300.

These observations are consistent with the theory of SCLC as formalized hereabove
following ref. [88]. The different behaviors between the first and second NW population
can be explained by assuming different trap characteristics (i.e., the energy level or concen-
tration). In the case of the first population, the high m value extracted at 1 V is assigned
to the trap filling limit, followed by a I o< V2 corresponding to Child’s law regime. Equa-
tion 4.5 is used to fit the I-V curve, assuming S = 107* ecm ™2, a= 450 nm, ¢ = 9 [208]
and § = 1, leading to an electron mobility value around 0.01 cm 2/(V.s) for almost all
samples with [Si] < 10’ em™3. Only S900 and S930 exhibit a mobility of 0.8 and 0.08
cm 2/(V.s), respectively. These values are surprisingly low compared to values reported in

the literature in the case of bulk materials [76, 209]. One explanation could arise from the
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Figure 4.11: Plot of m = d(log(I))/d(log(V)) £
vs voltage for different samples. Horizon-
tal dashed lines are guides for the eyes.
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overestimation of the conduction area S under consideration. Indeed, part of an individ-
ual wire can be depleted due to Fermi level pinning on the NW sidewall. Additionally, a
certain amount of NWs within the probed array may not contribute equally to the current
flow due to height or diameter inhomogeneities.

As shown in figure 4.11, the slope increase from 1 to 2, for the most doped samples,
indicates the predominance of a trap filling regime. This difference in behavior between
low and high doping could arise from either a drastic increase in the trap density or
the formation of a new trap located above Fermi level. Conversely, the Ohmic regime
observed for those samples points toward a conduction exclusively related to the DX state
(4.8). Thus, it highlights a correlation between the increase in Si doping and the DX
concentration and the apparition of a regime of trap filling in the line of other studies [174,
176).

4.4.2 Additional trap in highly Si-doped AIN NWs: a new DX state?

Trap characteristics

In order to further characterize the trapping behavior in AIN:Si NWs, temperature
dependent current-voltage measurements were carried out between 200 and 500 K. I-V
characteristics of S1250 are shown in figure 4.12 (a). At high bias, the contrast between
S1250 and S900 showed in figure 4.8 (a) emphasizes the difference in trap population

96




4.4. Focus on SCLC regime

previously highlighted. Almost no temperature dependence is found for the low doped
samples in agreement with a trap filled space-charged limited regime. In this regime,
equation 4.6 with § = 1 holds, in which the only temperature dependent term is the
mobility, expected not to vary on several orders of magnitude [80]. In the case of S1250,
a clear temperature dependence is seen in the V2 regime, which is consistent with the
trap filling mechanism and the 6 dependence with temperature (equation 4.7). Fitting the
quadratic region with modified Child’s law function (equation 4.7), the quantity Ou.S was
extracted. Taking No = N8T3/ 2 equation 4.6 is rewritten as
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Figure 4.12: (a) I-V characteristics for different temperatures for S1250. (b) Evolution of
OuST3/? as a function of 1000/ for S1200, S1250 and S1300. Straight lines are exponential fits

Figure 4.12 (b) shows the evolution of the quantity §uST3/? as a function of 1000/T
in a semi-logarithmic scale. Assuming no variation of mobility with temperature [80],
E¢c — E; values equal to 162, 144, and 132 meV were extracted for S1200, S1250, and S1300,
respectively. Taking a mobility of 0.01 cm 2/(V.s) and a surface of 100 x 100 cm?, fitting
of S1250 gives a trap density of 1.1 x 102° cm ™3 to be compared with [Si] = 2 x 102 cm =3
in this sample. As extracted from study of the Ohmic regime, the main donor exhibits
an ionization energy of 270 meV designated as the transition level energy of DX center.
Interestingly, the trap is found to be at around 150 meV and, therefore, shallower than the
DX state at 270 meV. Moreover, with the increase in the Si flux, an increasing proportion of
trap with respect to [Si] is measured. This cannot be compatible with a two levels system in

which Si is either in a shallow substitutional state or in a DX state but rather suggests the
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implication of a third Si-related state. Although the presence of defects, such as V) — Sia;
complexes, cannot be discarded, the ionization energy of such complexes is not in agreement
with our experimental data [186]. By contrast, our results are consistent with Aleksandrov
et al. [197], who proposed two metastable configurations of Si in AIN, perpendicular to
and along the c-axis, denoted DX, and DX,, respectively. Their transition energy levels of
around 170 and 230 meV, respectively, are in line with our results, suggesting that the trap
level identified at ~ 150 meV indeed corresponds to a second DX center. However, it is
worth stressing that other published works based on the DFT provide a wide variety of DX
states and ionization energies [191, 193, 194, 210]. More generally, those three levels were
identified both experimentally and by calculations. However, they were never observed in

the same sample set.

Relative distribution of the different states

Thereafter, we assume that this trap with a transition level energy of ~ 150 meV is a
DX center, denoted DX;. The deeper state at 270 meV will be denoted DX5. First, one
can postulate that the configurations of Si atoms can be either shallow d or one of the two

DX; and DXy centers, leading to the equation:
[Si] = [d] + [DX1] + [DXq] (4.10)

Second, in the lowest doped sample, d states participate in the Ohmic conduction, DXs
centers appear only at higher temperatures, and no thermal activation of DX; is observed
(figure 4.8). Hence, we can write: [d] > [DX;] + [DX2]. In other words, part of shallow
donors is not involved in DX formation, no self~-compensation occurs for those ones, and

they can be ionized with a 70 meV ionization energy to deliver electrons to the conduction

band.

On the other hand, in the most doped samples, all d and DX; states are depleted,
and so positively charged, i.e., in a d* and neutral DX{ state, respectively, while DXg
are shared between neutral DXJ and negatively DX; charged states. This results from
the fact that only the DX, transition energy of 270 meV is measured by the temperature
dependence of the conductivity while the DX transition energy of 150 meV is exclusively
evidenced as an electron trap during trap assisted SCLC measurement.’ Such a situation
indicates that an additional acceptor N4 must be lying within the bandgap to compensate
Si donors. Aluminum vacancies (V1) formation is predicted to be favored in n-type AIN.
They could play this role by compensating DX centers as several studies reported [186,

211]. When introducing this acceptor in our model and in the specific case of these highly

!Because the compensated hydrogenic state d* is too close to CB, equation 4.6 based on Boltzmann’s
distribution is no more valid and the trap filling regime tends to trap free regime as shown in ref. [88].
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doped samples, the following relationship can be written:
[dT] + [DX]] + [DX5] > [Nf] > [dF] + [DX]] (4.11)

A simplified representation of such case is shown in figure 4.13. The large amount of
depleted states is indeed in agreement with the low mobility values previously discussed,

regardless of the sample.

CB ° ° ° o
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,---—-2_ o & _____ £ Al NS filled

Figure 4.13: Schematic representation of the band structure with one acceptor and three donor
levels. Black circle represents electron while colored dashes represent states. Fermi level Er is
assumed to be aligned with the DX, level Fpxs.

Literature hindsight

Transition level energies of Si in AIN from this study and literature are gathered and
plotted as function of silicon concentration in figure 4.14. In contrast to the present study,
all samples were bulk AIN grown by different techniques on various substrate materials.
Large discrepancies exist depending on measurement techniques. These energies also vary
as function of the growth technique (Figure D.la) and of the substrate (Figure D.1b),
indicating no specificity of the transition level energy with any of these two parameters.
Three distinct families of ionization energies emerge corresponding to the ones reported
in the present study: 75, 150, and 270 meV. As these three levels are only observed in
the AIN NWs, it suggests that their relative population could depend on both the doping
level and growth technique. It further suggests that NW morphology and peculiar strain
relaxation mechanisms could favor the formation of a full set of possible Si-related DX cen-
ters. Especially, a level at ~ 160 meV below CB was predicted by several computational

studies [193, 195, 197] but not often measured experimentally.
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Figure 4.14: Review of transition level energies of silicon in AIN reported in the literature as a
function of the silicon concentration [11, 76, 80, 172—-183]. Optical refers to photoluminescence
techniques, EPR to electron paramagnetic resonance and electrical refers to either Hall or
conductivity measurements. Green, blue, and red regions are indicative.

It must be noticed that because the substitutional d level is quite shallow and its ioniza-
tion energy is well described by the hydrogenic model, one can evaluate the metal nonmetal
transition to be in the range of 10" cm™3, as observed for other wide bandgap semicon-
ductors (10* ¢cm™3 in N-doped 4H-SiC [212], 4.10%° cm ™3 in B-doped Diamond [213] or
10" cm™3 in Si-doped GaN [78]). However, in figure 4.14, no ionization energy decrease
versus Si-doping concentration is observed at around 10'? cm™3. Instead, the abrupt ap-
pearance of the DX 1 level and the simultaneous disappearance of the d level are put in
evidence, without an understanding of whether its is pure coincidence or a correlation

induced by a physical effect.

4.5 Summary of Chapter 4

4.5.1 Conclusion on Si-doping of AIN NWs

To conclude this chapter, fifteen samples were investigated over a wide range of doping
up to almost 1% Si in AIN. Structural study shows a change in growth mechanisms above an
effusion cell temperature of 1100°C corresponding to a doping level of around 10'° Si/ cm®.
It was assessed that solubility limit was not reached in our samples without strain building-
up, although exhibiting large inhomogeneities at largest flux. I-V characterizations were

carried out and showed the presence of an Ohmic regime at low bias followed by SCLC
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regime at larger bias.

Ohmic regime study allowed to confirm the presence of compensation effect with an
optimized conductance at around 10'7 Si/cm® in agreement with Harris et al. [186]. By
the mean of temperature study, both shallow donors and deep DX states were found to be
contributing depending on the NW doping level.

From the study of SCLC regime, we could understand the differences in electrical
transport based on a theoretical modeling from 1956 [88]. Especially, the influence of
trap is strong in the most doped samples where only DX signature have been seen. An
increased concentration of identified traps was observed as function of doping level. Its
energy level points towards another state of Si in a DX center as it was suggested by

theoretical computations and sometimes experimental data.

4.5.2 To go further

To go further, AIN NWs showed an alternative in order to incorporate Si in pure
substitutional state and benefit from its low ionization energy. Between donor ionization
energy of 270 meV and 75 meV, the increase in free electron concentration is significant at
room temperature and would allow the realization of highly conductive n-AIN. However,
we demonstrated that self-compensation effect starts relatively early and DX states are
still the majority. It reduces the performances and further study need to be addressed in
order to control the amount of compensating centers. To my opinion, this system is still
full of surprises and requires more in-depth research on both thin films and NWs although
facing intrinsic limits. The question is to know if these will be acceptable for the realization

of a device.

Two questions are still open in our system. The first one is an experimental proof of
a DX center behavior following the definition of Zeisel [174]. To confirm this, persistent
photocurrent at low temperature is the must to exhibit trapping behavior and identify the
DX through hysteresis in conductivity. The second one is about the spatial distribution
of Si atoms. If for low Si doping, a uniform repartition of dopant seems intuitive (but
still needs to be assessed), for higher Si flux, we can only make the assumption that it
is the case. As seen in GaN nanowires, dopants can be incorporated preferentially in the
periphery of the wire, leading non-uniform electrical conductivity [214]. Despite all my
efforts, I could not access to a technical solution to prepare plane-view of the NWs for
further TEM study.

Moreover, surface states appeared to have a drastic effect on the electrical properties.
Surface passivation could be studied in order to clarify the discussion in paragraph 4.3.3

and seen as a way to improve the total electron density especially as nanowires are thin.

Research projects could also explore different donor atoms. Ge, which is as efficient or

even better than Si in realizing n-type GaN, is known to undergo DX transition as well [215]
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and have a solubility limit lower than Si in AIN [216]. The story is similar for O in AlGaN.
Theoretical computations indicates that S could remain stable in AIN [217]. Although
nobody reported any experimental facts on AIN:S and our attempts on S-implanted AIN

thin film were not conclusive.
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CHAPTER 5

AIN Nanowires pn-junction: Doping

and contact optimization

In this chapter, the study of AIN NW pn-junctions is carried out. Elec-

trical behavior is investigated for different designs and doping of both

n-type and p-type sections. Optimal doping was found in order to get a

good balance between the two sides and ensure an optimal injection of

carriers in the active area.
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Chapter 5. AIN NWs pn-junctions

5.1 Do AIN pn-junctions exist?

After three years as a PhD student, general feeling I have is that most AlGaN re-
searchers do not believe AIN can be doped and able to let current flow in a decent manner.
AlGaN is indeed good enough for most of the applications and better than pure AIN from
an electrical point of view. Reasons for this belief are numerous, one being that n-type dop-
ing is much more difficult because of ionization energy of Si in AlGaN drastically increasing
for Al content greater than ~ 70%. The topic has been already discussed in Chapter 4.
A second reason is that electrical conduction in p-AIN is impossible to achieve because
Mg acceptors are more than 500 meV above valence band and are highly compensated by
native n-type impurities. Despite the lack of motivation for this field, progress have been
made.

Highly Mg-doped AIN NWs were demonstrated and exhibit good conduction properties
in a single NW configuration. Noticeably, Tang et al. [218] reported free hole concentra-
tion up to 5.10'9 /cm_3 with 20 Q7 '.cm™! in AIN NWs grown by chloride-CVD. Tran et
al. [219] reported free hole concentrations of a few 1017 cm™3 in MBE-grown AIN NWs
and attributed conduction mechanisms to hole hopping. Magnesium is the main p-type
dopant investigated as carbon and beryllium are predicted to suffer from interstitial in-
corporations [220, 221]. However, one group from Georgia Tech has achieved efficient
p-type doping of GaN and AIN layers using Be as dopant. Free hole concentrations up to
10" cm™3 and 8.10'7 cm ™3 were reported in GaN and AIN respectively [222, 223]. More-
over, they reported the realization of devices which take advantage of Be doping, presenting
good properties in forward bias despite large leakage current and premature breakdown,
probably sign of degraded crystal quality [224].

However, studies on the electrical properties of pn-junctions themselves are somewhat
lacking, with reports presenting simplistic IV curves without attempting to investigating
limiting factors and possible improvements.

Therefore, the aim of this chapter is to give answers to several questions within the
scope of doping and electrical transport in AIN NW pn-junctions. How do Mg and Si
concentrations influence the pn-junction electrostatics and which design is the optimal for

light emission? Which mechanisms are limiting the current flow in such structure?
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Figure 5.1: (a) I-V characteristics of AlGaN N'Ws pin junctions from [168]. (b) I-V characteristics
of p-AIN:Be / i-GaN:Be / n-GaN:Ge pin-diode from [224].

5.2 Influence of dopants and their concentration

5.2.1 Mg/In codoping of p-AIN

To begin with, a focus is given on Mg/In codoping of AIN for improved p-type doping.
If A.M. Siladie showed that In incorporation in AIN gives rise to an increased Mg incor-
poration [105], its impact on transport properties of pn-junctions has not been completely
understood. Especially, an irradiation step, demonstrated as necessary in her work, was
not required for the following structures that were grown during my PhD.

The two first pn-junctions are presented here. Their growths were achieved on n-type
(111)-Si wafers as for the study on n-type AIN NWs. Firstly, a n-GaN stem was grown
at around 820°C and with a Ga/N ratio of 0.3 prior to grow n-AIN and p-AIN sections
at 900°C and 800°C, respectively. The Si cell temperature was kept at 900°C for n-AIN
section since it was found to be the optimal point (Chapter 4). The p-type AIN section
was doped with a Mg cell temperature of 300°C based on ref [105]. The only difference
was the presence of an In flux in N3831 compared to N3830 (table 5.1). A schematic is
given in figure 5.2 (a). Samples were processed with a metal stack consisting of Pt/Pd/Au
(10 nm/10 nm/50 nm) in order to make 100 x 100 um? square pads and perform IV

characteristics. The results are shown in figure 5.2.

Table 5.1: Number, and dopant cell temperatures of the different sections of the studied samples.

Sample n-GaN  n-AIN p-AIN p-GaN
number TSi <°C) TSi (OC) TMg / TIn (OC) TMg
N3830 920 900 300 / — no p-GalN
N3831 920 900 300 / 800 no p-GalN
N3838 920 900 300 / 800 280
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Both samples are rectifying when applying a positive bias on the p-side (i.e. forward
biased), meaning that the pn-junction is effectively playing its role of diode. The strongest
differences are exhibited in forward bias. While N3831 with In shows a reasonable ide-
ality factor of 23, sample N3830 without In shows a large ideality factor of 110 which
describes the poor rectifying behavior of the sample. Such a high value cannot be caused
by thermoionic effect describing the lowering of the pn-junction potential barrier. Instead,
Poole-Frenkel model is more adequate to describe this behavior. This model describes
carrier flow by trap assisted tunneling and is usually used to in reverse biased Schottky

contacts and diodes [225]. The equation ruling the current in this model is:

.
N Tt — 4Pt
I xV-exp < dmereow ) (5.1)

kT

where €, = 9 is the relative dielectric constant of AIN [208], w the length of tunneling and
®; the trap energy level. The linear dependence of In(I/V) vs v/V shown in figure 5.2 (c)
clearly indicates that N3830 follows this model. Moreover, a fitting of the data allows to
extract the value of w which is found here to be of 70 nm. This value is quite large for a
tunnel process but may be biased by a competition between several conduction mechanisms

as a large number of NWs is probed.
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Figure 5.2: (a) Schematics of the NW structure. (b) I-V characteristics in semi-log scale. Inset:
lin-lin scale. (¢) Same data plotted in a Poole-Frenkel plot. Dots represents experimental data.
Lines represent different model used: SCLC stands for Space charge limited current, PF stands
for Poole-Frenkel. Inset: equivalent circuit proposed to explain the I-V behavior of
N3830 — without In.

The explanation to account for this difference between N3830 and N3831 is the forma-
tion of Schottky contact at the p-AIN / metal interface induced by a low Mg concentration
when no In is added during the growth. This Schottky barrier is opposite to the pn-
junction (inset of figure 5.2 (c)) and the current is limited primarily by the leakage of the

contact. When In is added, the increased Mg concentration diminishes the barrier and
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the pn-junction becomes the main limitation to current flow. Nevertheless, as seen in fig-
ure 5.2 (b-c), neither Ohmic nor SCLC conduction models fits experimental data of N3831
at high voltage, indicating that another barrier must be at play.

Changing the metal stack to Ni/Au (30 nm/50 nm) gives a rectifying behavior being
mainly thermoionic in both samples with ideality factor of 31 without In and 20 with In
(figure 5.3). It points toward the importance of metal as the work function of Pt and Ni
are different and assess the difficulty of having a good metal — p-AIN contact.

On the basis of N3831, a third sample was grown on which was added a 10 nm p-GaN cap
(table 5.1). Its current-voltage characteristic was measured using Ni/Au metal stack and
compared to the others in figure 5.4. If the current level and behavior don’t change at high
bias with respect to N3831, it exhibits a low ideality factor of 15 and less leakage current.
At this stage, the reason for this improvement is tentatively attributed to a better hole

injection thanks to the thin p-GaN capping.
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Figure 5.3: I-V characteristics in semi-log scale of N3830 (a) and N3831 (b) for the two different
contact metal.
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Table 5.2: Summary of ideality factors, tunneling energies and main transport mechanisms in
forward regime of N3830, N3831 and N3838.

Sample Features Metal stack 7 (best) Er (meV) Transport mechanism
N3830 No In — No p-GaN Pt/Pd/Au 110 — Poole-Frenkel

N3831 In — No p-GaN  Pt/Pd/Au 23 991 TAT

N3838 In—  p-GaN Pt/Pd/Au 27 690 TAT

N3830 No In — No p-GaN Ni/Au 31 797 TAT

N3831 In — No p-GaN  Ni/Au 20 514 TAT

N3838 In — p-GaN Ni/Au 15 385 TAT

Large ideality factor and tunneling

Because of the rather large ideality factor between 10 to 30, it is unlikely that pure
thermoionic effect is at play at the pn-junction as described in Schokley equation 2.8.
Several studies have tried to identify the origin of such large ideality factors found in wide-
bandgap semiconductor based diodes [93, 94, 226-228|. In particular, the work of Lee et al.
gives an understanding as they relate it to material properties and trap-assisted tunneling
(TAT) mechanism [227]. Indeed, in this model, electrons and hole can recombine thanks
to deep-level traps lying in the band gap at the pn-junction as depicted in figure 5.5. This

tunneling current can be written as follows:

v
I o exp(Lo) (5.2)
Er
where E7 is a characteristic tunneling energy given by the following expression:
4h N;
Er=— : (5.3)

T Y m*e,eq

with m* the effective mass of the tunneling entity and /V; the density of impurities. Taking
N3830 with Ni/Au electrode as example, the slope of the In(I) vs V' can lead to an ideality
factor of 31 or equivalently a tunneling energy of 797 meV. depending if one takes into
account only electrons with m} = 0.33 or only holes with mj = 4 [229], N; can be comprised
between 2.10'7 ¢cm™3 and 3.10'® ecm™3. Because of the intricacy, no further analysis will
be carried in this chapter. Nevertheless, it highlights the role of impurities in the electrical

transport, which seems to limit the current in a pure thermoionic behavior and a rather

low bias (V <6 V).
To conclude this part on the relevance of In/Mg codoping in p-AlIN, table 5.2 provides a

summary of the measured samples, their features and electrical characteristics. It is chosen
for the following study to use N3838 as base structure and work with In/Mg codoping, a
p-GaN cap and Ni/Au cap.
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Figure 5.5: Schematic representation of a) pure thermoionic and b)trap assisted tunneling
mechanisms at a pn-junction.

5.2.2 Balance between n and p sides

In a second part, the focus is put onto the doping levels of AIN sections. To do so,
three samples were grown. The structure consists of a 400 nm n-type GalN stem, a 300
nm n-AlIN section, a nid-GaN layer of a few nm, a 300 nm p-AIN section and a 10 nm
p-GaN cap. AIN sections were grown at 870°C while n-GaN was grown at around 810°C,
nid-GaN QW at 780°C and p-GaN cap at 750°C in Ga-rich conditions to promote NWs
enlargement and reduce Mg desorption. SEM images of one of the samples as well as
its sketched structure are displayed on figure 5.6. Differences only lie in doping of AIN
sections, specifically in the temperature of Si and Mg cells during the growth of n and p
sides respectively. Cell temperatures have been chosen in the light of previous studies and
are reported on table 5.3. The Mg and In cell temperatures have been chosen according
to Siladie et al. [105] and to the previous subsection. Si cell temperature has been chosen
in regards of the results from part 4. Tg; = 900°C was the maximum of the conductance
curve while a Tg; = 1050°C degrades the electrical properties although without affecting
the NWs morphology (see figures 4.4 and 4.7). These samples were further contacted using
100 x 100 pm? Ni/Au (30 nm/50 nm) and Pt/Pd/Au (10 nm/10 nm/50 nm) in a second

time.

Table 5.3: Number, name and dopant cell temperatures of the different section of the studied

samples.
Sample Sample n-GaN  n-AIN p-AIN p-GaN
number name Tsi (°C) Tsi (°C) Twmg / Tin (°C) Twmg (°C)
N3735  Si9-Mg2 930 900 280 / 800 280
N3736  Sil0-Mg2 930 1050 280 / 800 280
N3737  Si9-Mg3 930 900 300 / 800 280
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Figure 5.6: Top (a) and cross sectional (b) SE image of one of the three samples of the study. (c)
Sketch of the NW structure.

Electrical current conduction

Figure 5.7 presents IV characteristics of the four devices. Once again good rectifying
behavior is observed in all samples with leakage current levels slightly increased with respect
to previous ones (1079 vs 107!% A). The reverse current behavior remains constant and
indicating no effect of the changes in pn-junctions on it thus, it will not be further analyzed
in this section. Influence of leakage can be observed on the first few volts in forward bias,
hiding the exponential part, especially for Si9-Mg2 and Si1l0-Mg2. Si9-Mg2 presents the
lowest current level on the whole characteristics followed with Si10-Mg2. Si9-Mg3 is always
higher than the two others samples but shows an increased current with Pt/Pd/Au metal

stack compared to a Ni/Au one.
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On the one hand, the comparison between Si9-Mg2 and Si10-Mg2 highlights a higher
current value for a higher Si cell temperature in contradiction with previous results. On
the other hand, Si9-Mg3 exhibits a larger current than Si9-Mg2 by one order of magnitude
and a clearer exponential part at ~ 6 V. Mg2 corresponding to a lower Mg concentra-
tion than Mg3 (~ 10! Mg.cm™ vs ~ 102 Mg.cm™2) [105], this change in behavior is
attributed to an increased free hole concentration in the p-AIN. It would also mean that
self-compensation is not reached or mitigated by opening of a Mg-band within the for-
bidden gap, reducing the effective ionization energy [100, 219]. If n-AIN was limiting the
current, no changes would have been seen in this case. Moreover, the fact that changing the
metal contact changes the current level at high bias emphasizes, yet again, the importance

of the top contact in electrical transport.

Electron beam induced current

EBIC was performed to get experimental information about the devices electrostatics.
Results are plotted on figure 5.8. The focus is put on the n-doped AIN first where donor
concentration Np is supposed to be equivalent to [Si] and eventual compensators will be
referred to as N4. Si9-Mg2 exhibits an EBIC peak in the p-AIN section while, in the
case of Sil0-Mg2, it is closer to the n / p interface, indicating a shift in the effective
pn-junction location which is attributed to a lower effective doping in the latter. The
interpretation is the following: for higher Si concentration, Np — N4 is smaller with Np
increasing. Therefore, N4 has increased more than Np, in other words, donors have been
self-compensated (supposedly by the appearance of DX centers or other complexes). This
is consistent with the expected behavior reported in Chapter 4.

In a second time, we focus on the EBIC behavior when doping in the p-AIN section
is varied, looking at the differences between Si9-Mg2 and Si9-Mg3. Increasing Mg flux is
expected to increase Mg concentration and the net acceptor density. This would results
in a shift of the electric field maximum and, consequently, of the EBIC signal towards the
n-AlN section. This is experimentally verified even if a rather low collection of carriers is
recorded. The presence of an additionnal contribution closer to the metal contact may be

responsible for this, exhibiting once again issues in hole injection.
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Figure 5.8: EBIC linescan along the NW of the three samples presented in table 5.3. Acceleration
voltage was 5 kV and beam current of the order of 0.1 nA. EBIC signal was multiplied by 5 for
Si9-Mg3.

Electroluminescence

Finally, EL spectra were acquired under a continuous DC bias using special pads, shown
on figure 5.9. They consist in square pads with circular openings in the metal in order to
let photons escape while preserving as much as possible electrical injection. This is done
to overcome the lack of transparent electrode in the UV-C region, even if in this case, ITO
would have worked perfectly considering the emission wavelength.

Figure 5.10 (a) shows the EL signal of Si9-Mg3 - Pt/Pd/Au as function of the applied
bias while figure 5.10 (b) compares the EL spectra at +10 V of all four samples. From the
first plot, as the voltage and current increase, light is being emitted and collected by the
CCD camera at a wavelength around 325 nm. It is assigned to the GaN section inserted
in the pn-junction.

When it comes to compare EL spectrum of the four samples, Si9-Mg2 and Si10-Mg2
are showing a broad EL peak in the blue band attributed to radiative recombinations
of carriers on deep defects of AIN. As EBIC showed, space charge region of Sil0-Mg2 is
located mainly into the p-AIN side and therefore electrons and holes meet and recombine
on present defects. As concerns Si9-Mg?2, its EBIC signal exhibited better features which
is not in agreement with EL signal, with a main contribution arising from defects and a
smaller one from GaN well at 345 nm.

Contrarily to them, luminescence from Si9-Mg3 is comprised between 325 nm and
355 nm corresponding to nid-GaN region, whatever the metal stack used. To account

for the variations in emission wavelength between the two Si9-Mg3 devices, let start by
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Figure 5.9: SE image of a con-
tacted metal pad for EL measure-
ments. Scale bar is 100 pm.

noticing that their spectra are composed by several peaks which is a sign of QW thickness
fluctuations from NWs to NWs. Especially, because of current spread on the top layer
and dopant inhomogeneities from wires to wires and perhaps, only few hundreds of wires
are contributing to the EL signal which exacerbates variations in active area. This is
further confirmed by measuring EL of different LEDs. Slight variations in peaks emission

wavelength were observed (not shown here).
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Figure 5.10: (a) EL spectra as function of the applied bias of Si9-Mg3-Pt/Pd/Au. Inset: EL
measurements plotted on a semi-logarithmic scale. (b) Comparison of EL of the four different
samples.

In the end, the results from this last experiment consolidates IV and EBIC results.
Only 5i9-Mg3 with Tg; = 900°C and Ty = 300°C is optimized in order to achieve sufficient
carrier injection at the metallurgic junction where the active area is located. Still, the issue
of contacts, as pointed by EBIC and differences with metal stack, has to be tackled and

will be in the coming section.

115




Chapter 5. AIN NWs pn-junctions

5.3 Top interface and hole injection issue

5.3.1 Fowler-Nordheim tunneling

As emphasized in this chapter, top section of the NW structure has a particular influ-
ence on transport mechanisms, limiting the pn-junction performances and resulting in high
ideality factors. Moreover as pointed out in figure 5.2 (b), current flow is not following
neither an Ohmic nor SCLC model after the junction is fully lowered (i.e. at bias larger
than 6 ~ 7 V). However, figure 5.2 (c) shows that electrical transport behavior is close to a
Poole-Frenkel model, although not fitting well enough IV data except for the special case
without In codoping.

Looking a the literature, another similar model seems to be better suited to the ex-
periment. The so-called Fowler-Nordheim model is used to describe tunneling through
a triangular potential barrier. Contrary to direct tunneling, charge carriers tunnel only
partly and do not cross all the dielectric as depicted on figure 5.11 [230]. In this case,

current flow is given by the following equation:

[ aSE? exp < _ v 2m*(q¢3)3/2> (5.4)

~ 167whop 3hqe, E

with, m* the effective mass of the particle, h the reduced Planck’s constant, S the contact
surface area, I the electric field and ¢p the barrier height. Plotting In(1/E?) vs 1/E gives
a so-called Fowler-Nordheim plot and if one assumes a linear dependence of the voltage
with the electric field, FN plot can be rewritten as In(1/V?) vs 1/V. Few articles report
this transport mechanism in wide bandgap pn-junctions. Often, it is observed in metal —

(insulator) — semiconductor junctions in silicon, nitrides or diamond [230-235].

Trlap Trap
@+ L. \g — 0> o> .(\

a) Direct b) Fowler-Nordheim c) Trap-assisted d) Poole-Frenkel
Tunneling Tunneling Tunneling Tunneling

Figure 5.11: Cartoon of four kinds of tunneling model.

Figure 5.12 shows the same data as on figure 5.7 on a FN plot. The linear behavior at
lower 1/V (higher bias) indicates that FN tunneling is at play and limits the current flow.
Interestingly, it appears at voltages above 7 V when the pn-junction is fully lowered.

The physical mechanisms being revealed, the following questions are: which interface
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Figure 5.12: FN plots of samples N3735, N3736 and N3737.

s in cause ¢ and how to improve it 2. Several interfaces are present and could lead to the
kind of band bending represented in figure 5.11. They are enumerated below and indicated

on the band diagram in figure 5.13.

1. n-Si — n-GaN: Plotting IV characteristics of samples presented in Chapter 4 in which
the structure was n-Si / n-GaN / n-AIN / n-GaN do not exhibit FN behavior. In
addition, EBIC never exhibited any signal which could be attributed to the presence

of an internal electric field. Therefore, this interface is excluded.

2. n-GaN — n-AIN: Excluded for the same argument as for the n-Si / n-GaN interface

despite the clear discontinuities because of band offsets and polarization effects.

3. n-AIN — p-AIN: Already observed in pin-Schottky diamond device [235], FN tun-

neling can be present at a pn-junction due to uneven carrier density in n and p

sections leading to an unbalanced band bending between neutral zones. It cannot
be discarded although the reduced conductivities and similar dopants levels make it

less probable.

4. p-AIN — p-GaN: Due to the ~ 1 ¢V discontinuities between VB of GaN and AIN [236,
237], it cannot be discarded either.

5. p-GaN — metal: A large band offset between metal and p-GaN can lead to the same

situation as the previous interface.
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Figure 5.13: Band structure of the overall NW pn-junction at zero bias. Numbers refer to the

different interfaces. Fermi level is at 0 V. n-Si / n-GaN and p-GaN / metal contacts are not

simulated. Doping level in the p-AlN is probably overestimated. Indeed, it is assumed that all
dopant atoms are in site, active, and not compensated, which is an ideal case scenario.

5.3.2 On the identification

Looking at figure 5.12, several slopes can be extracted from the linear part which is
directly linked to the energy barrier. From equation 5.4 rewritten with E = V/d, the slope
« of the FN plot is given by:

o 4dq3/2\/ 2m* 3/0

5.5
3hq5r B ( )

However, two unknowns are present —d and ¢ 5— and cannot be extracted at once. Direct
comparison of the slopes remains relevant. On these samples, two values for oo emerge: —79
V for Si9-Mg2 and Si10-Mg2 and —60 V for Si9-Mg3 with both Ni/Au and Pt/Pd/Au metal
contacts. Changing Si doping does not change the value of the slope from which is inferred
that n-interfaces is not the cause (as previously assumed). The same conclusion is obtained
about the top metal contact. However, increasing Mg concentration led to a smaller slope
pointing towards the importance of p-AIN doping.

This clue is further supported by NextNano simulations performed under different bias.
For this purpose, only the AIN pn-junction is simulated with a p-GaN capping, assuming no
strain and no impact of n-GaN. p-GaN / metal contact was too difficult to simulate with
the few information available to me (value of the work function and hole concentration
are missing). Figure 5.14 (a) presents the band structure at 0 V, +6 V and +9 V. If
the bands are flat at 6 V as expected from the pn-junction barrier lowering, at 9 V the

potential drop occurs at the p-AIN / p-GaN interface instead of in neutral zones. It is
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5.3. Top interface and hole injection issue

further emphasized on the zoom in figure 5.14 (b), in which valence bands are normalized
with respect to its level in the p-GaN zone. For a bias of ~ 6 V, one can notice the
shape of the VB approximate very well a triangle such as in FN tunneling model. Thus,
te hypothesis of the electric field being linearly proportional to the voltage is confirmed in
first approximation.

From this simulation a tunneling distance d of around 1.5 nm is extracted. Associated
with the slopes of FN plots and equation 5.4, barrier heights of 16 eV and 19 eV are found
which are unreasonably large. One explanation for this would be that the potential drop is
not only at the FNbarrier but rather share with another interface such as the pn-junction

or the p-GaN / metal interface.
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Figure 5.14: (a) Simulated band diagram of the n-AIN / p-AIN / p-GaN sections at 0 V, 6 V and
9 V. (b) Focus at the Valence band a the interface p-AIN / p-GaN for applied bias between 0 V
and 15 V. Normalized with respect to the VB in p-GaN.

5.3.3 Influence of p-GalN cap

Removing the p-GaN cap is also a way to assess the influence of the interface. As
discussed in Section 5.2.1, such samples exist (see table 5.1). N3838 and N3831 are respec-
tively with and without p-GaN and in both cases exhibit FN-limited regime at high bias.
Their ideality factor are recalled in table 5.4 and the extracted slopes of FN plots a are
added. Contrary to previous samples, slopes greatly depend on the metal stack more than
on the presence or absence of the p-GaN layer.

All the discrepancies found in between the two groups of samples rather indicate that
the quality of the interface matters at least as much as the materials it is composed of.
Looking at the morphology of the top of the NWs, they can be quite different depending
on the recipe used. Even if the growth parameters were approximately the same, some

variations can be observed between samples.
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Table 5.4: Ideality factor n extracted from IV plots and slopes « extracted from FN plots of
samples from Section 5.2.1.

Sample Features Metal stack 7 «
N3831 In — No p-GaN  Pt/Pd/Au 23 -37
N3838 In — p-GaN  Pt/Pd/Au 27 -43
N3830 No In — No p-GaN Ni/Au 31 -70
N3831 In — No p-GaN Ni/Au 20 -65
N3838 In — p-GaN Ni/Au 15 -70

As shown in figure 5.15, N3735 (Si9-Mg2) is not as coalesced as N3838 which doesn’t
exhibit NW morphology at the very top. It may have an impact on dopant incorporation
and on the quality of the metal deposited. It has been also measured that samples with
a top p-GaN thicker than 30 nm exhibit leakages with current bypassing the diode (not

shown).

Figure 5.15: SE image in top view of (a) N3735 (Si9-Mg2) and N3838 (b).
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5.4 Summary of Chapter 5

5.4.1 Conclusion on AIN NWs pn-junctions

To conclude this chapter, electrical properties of 6 carefully chosen samples were inves-
tigated by the mean of various techniques. A first part allowed to confirm the advantage
of In codoping for an improved p-type conductivity in AIN NWs. The use of a thin GaN
cap was also motivated by the increase in hole injection.

In a second part, an in-depth study of samples grown with various pn-junction char-
acteristics has been realized. Current-voltage, electron-beam induced current and electro-
luminescence measurements have been correlated and agreed on the best doping levels in
order to optimize charge carriers injection and achieve an efficient light emission.

An investigation of the mechanism limiting the current at high bias was done in a third
part. Fowler-Nordheim tunneling regime was found to limit the current by limiting hole
injection from the metal into the p-type NW section. Several experimental and simula-
tion facts pointed towards the p-AIN / p-GaN and the p-AIN / metal to be responsible.
However, discrepancies were also reported. The role of surface morphology might play an
important role, more than anticipated.

Finally, this chapter allows to continue as the choice of the optimized set of parameters

for the pn-junction is achieved.

5.4.2 To go further

The work in order to improve the diode electrical properties remains vast. If the limiting
factor is found to be the top contact, several ways of improvements are suggested here.

e The growth of a graded p-AlGaN section could be implemented in order to suppress the

abrupt p-AIN / p-GaN interface. As stated in Chapter 3, the growth of AlGaN NWs is

difficult and the realization of a controlled gradient is a challenge in itself.

e Investigation of the role of NWs morphology is of importance too. The use of patterned
substrate could be beneficial in order to control the density while playing on the growth
parameters of the top section with a greater freedom. Filling of the space between NWs
could be also of good use in order to planarize the top surface prior to metal deposition.
The idea of hole injection by the side-walls instead of the c-plane (in a contact-all-around

fashion) could be interesting as Mg tends to segregate on NWs periphery [199].
e The idea of beryllium doping of AIN NWs for p-type doping, in the light of the approach

of Doolittle’s group would also be a benefit if the results are confirmed.

e As a last suggestion, the exploration of new materials for p-type contact is relevant as
the one used here are shown to insufficiently promote hole injection and are opaque to
UV. In all these respects, graphene [238], h-BN [239] and diamond should be considered.
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CHAPTER 6

UV light emitting diodes from AIN

nanowires

In this chapter, properties of AIN nanowire based light emitting diode
are investigated. After reviewing the state-of-the-art of UV LED and de-
scribing the studied sample, optical properties are briefly recalled as they
were already discussed extensively in Chapter 3. In the light of Chapter 5,
electrical properties of the device are detailed. It further exhibits promis-
ing electro-luminescence behavior, emitting at 285 nm and in agreement
with the correlated CL and EBIC electro-optical measurements. Finally,

a discussion on the efficiency is conducted.
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Chapter 6. UV LEDs from AIN NWs

6.1 Insight about deep UV LEDs

To begin with, a brief review of UV-LEDs realization in thin films and nanowires is done

in order to give the reader more insight of what is currently achieved in the community.

6.1.1 State of the art in thin films

In current state-of-the-art of deep UV LEDs, few features have now became inevitable
in order to tackle bottlenecks.

Because light extraction efficiency is diminished as the emission wavelength reduces,
solutions to improve this aspect have been developed. The use of patterned AIN or sapphire
substrate combined with reflective electrodes is now a must-have to reach high external
quantum efficiency (EQE) DUV LEDs. Noticeably, the world record EQE is, at this
moment, held by Takano et al. with 20% at 275 nm [111] (Figure 6.1a). Such high value
was achieved thanks to three points. They used a patterned sapphire substrate in addition
to an encapsulation with a UV-transparent resin, both allowing more light to escape the
device. The p-type AlGaN layer was also realized with high enough Al content to be
transparent to the UV radiation, while a good electrical conductivity. Finally, the use of a
Rh mirror p-type contact enabled the reflection of part of the UV usually lost at the rear
face.

Another path which is followed, relies on the improvement of the internal quantum

efficiency (IQE) by reducing the amount of dislocations in the grown layer. To do so, epi-
taxial lateral overgrown (ELO) AIN layer is widely used. Etching AIN strips and promoting
lateral growth of the subsequent AIN layer, dislocations are able to bend and annihilate
(Figure 6.1b). The resulting amount of threading dislocation density (TDD) can be re-
duced from a few 10 cm ™2 down to a few 10% cm™=2 [240]. However, the resulting increase
in IQE is at the expense of a costly and complex fabrication step. Recently, Susilo et al.
have shown equivalent performances of ELO AIN substrate and sputtered and annealed
AIN on sapphire [241]. This fabrication being much simpler than ELO, it opens a way for
further improvement on large scale DUV-LEDs, while reducing their cost.
The technique of NH3 pulse-flow multilayer is also quite popular in MOCVD grown AIN
buffers (242, 243|. It consists of the alternating of pulsed and continuous supply of NHj
during the growth in order to enhance the Al adatom diffusion length and allows to reach
TDD as low as in ELO.

Along with p-type AlGaN superlattices for improved hole concentration, these are the
main advances of the recent years, which have allowed to reach such high efficiencies.

On MBE side, at this stage, only very few reports on DUV-LED displays EQE, prob-
ably because of their low efficiencies. To be noted, the work of Brault et al. who grew
AlGaN/AlGaN quantum dots LED with efficiency of 0.15% at 300 nm [116] and of Mous-
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takas et al., whose LEDs based on MBE grown AlGaN/AlGaN QWs reached an EQE of
0.4% at 273 nm [244]. Both EQE values are indeed one order of magnitude lower than
their MOCVD competitors.

Si submount

electrodsg

Figure 6.1: a) Image of the 275 nm LED with its package from [111]. b) Cross-sectional
ABF-STEM image of an ELO substrate from [240]. Black lines are dislocations.

6.1.2 Reports on NW based UV LEDs

Away from the active research on thin film DUV-LEDs, nanowire systems are also stud-
ied. However, reports on UV electroluminescence from such devices are not abundant, even
if some can be highlighted. In our group, Durand and coworkers aim at developing core-
shell AlGaN micro-wires grown by MOCVD for UV emission [245]. If they demonstrated
EL in the UV-B range, strain relaxation issues due to the bulky GaN core, limits either
the layers quality or the minimal achievable wavelength. Also in UV-B region, Velpula et
al. [246], have used AlInN NWs in order to emit light at 295 nm. Deeper in the UV, the
work of Zhao et al. [168] reports electroluminescence spectra from AlGaN NWs between
280 nm and 230 nm in a p-i-n LED structure. They claim the reduced nitrogen flux at
0.4 sccm to be responsible for the AlGaN alloy uniformity contrary to the disordered alloy
in AlIGaN NWs when grown with 1.0 sccm. The emission wavelength was adjusted by
increasing the temperature which effect is to lower Ga resident time and its incorporation.
No significant discussion on the electrical properties is done. Especially, as the Al content
increases, the increase in ionization energy of both p-type and n-type dopants should lead
into a more difficult injection of carriers into the active area.

In parallel, and to reach deeper wavelength, the use of h-BN as replacement for p-AIN

has been investigated in Laleyan et al. [239]. The heterostructure is composed of an n-
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AIN and i-AlIN section on which h-BN is deposited. This AIN/h-BN LED exhibits an EL
signal at 210 nm without parasitic luminescence, in a narrow window ranging from 200
to 230 nm. Electrical properties of this UV-transparent contact was limited to a simple
[-V characteristics. However the use of h-BN, directly evaporated in the MBE chamber is

interesting to get access to a transparent and potentially highly conductive top layer.

6.2 Design of the device

The hereafter presented AIN NWs LED sample, named N3784, was grown by plasma-
assisted MBE on highly conductive n-type (111)-Si substrate. Figure 6.2 shows a sketch of
the sample structure and SEM images from top and cross-sectional view. The design has
been chosen in the light of the results from the previous chapter 5. The heterostructure
consists of a 500 nm long highly conductive n-GaN stem, followed by 150 nm n-type AIN
section, an AIN:Ga active area, a 150 nm long p-type AIN section and a 15 nm p-type GaN
cap. GaN stem was grown at a substrate temperature of ~815°C and a metal /nitrogen ratio
of 0.3 whereas n-type and p-type AIN sections were grown at 900°C and 800°C respectively
with the same metal/nitrogen ratio. n-type doping was achieved using silicon while p-
type doping was obtained using magnesium / indium co-doping. The Si concentration in
the n-type AIN section was around 1017 Si/em ™ [169]. In the p-type AIN section, the
concentration of Mg and In was around 10?° and 5.10'® em ™3, respectively [105]. Doping
level of around 102 Si/cm ™ was used in the GaN stems to ensure a high conductivity
and metallic behavior of this section [77]. The AIN:Ga section was grown at 800°C by

alternating the metal and nitrogen fluxes as presented in Section 3.3.1.

GaN : Mg
AIN : (Mg,In)
AIN:Ga

AIN : Si

GaN : Si

‘n-Si (11)

Figure 6.2: SEM image from top view (a) and cross-sectional view (b) of AIN NW sample. Scale
bars are of 200 nm for both images. (¢) Schematic of the sample structure.
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6.3 Device characterizations

6.3.1 Optical characterization

The majority of the optical properties of this sample were already discussed in Chap-
ter 3, Section 3.3.1. CL spectra revealed the presence of recombination centers emitting at
around 285 nm and which behaved as quantum dots. The luminescence was attributed to
the presence of AlGaN clusters in the active area where excitons can be strongly localized.
In complement to the previous results, temperature dependent CL measurements were
also performed and are shown in the inset of figure 6.3. Figure 6.3 shows the integrated
CL intensity as function of the temperature. A good ratio of CL intensity between room
temperature and low temperature of around 20% is measured, which is attributed to the

high degree of localization of the exciton in the AlGaN clusters.
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Figure 6.3: Integrated CL intensity between 200 and 305 nm as function of the temperature and
normalized with respect to the measurements at low temperature. Dashed grey line is a guide to
the eye. Inset CL spectrum as function of the temperature.
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6.3.2 Electrical characterization

Moving on to electrical characterizations, I-V characteristics of ten diodes are plotted
in a semi-logarithmic scale in figure 6.4 (a). The sample exhibits a rectifying behavior with
five orders of magnitude difference between —10 V and +10 V. Good reproducibility from
diodes to diodes is observed up to at least +/—30 V while keeping the same ON/OFF ratio,
as shown in figure 6.4 (b). Several models were considered to account for the transport

mechanisms involved in the AIN pn-junction, as some are shown in the latter figure.
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Figure 6.4: (a) Current-voltage (J-V) characteristics of ten AIN NWs LEDs. Dark red curve is
the averaged curve. Upper left inset: J-V characteristics in a lin-lin scale. Lower right inset: SE
image of a contacted device. (b) J-V characteristics of one diode between -30 V and +30 V (full

circles) with fits of trap-assisted tunneling (TAT, J x exp(V)) and Fowler-Nordheim (FN,

J o< VZexp(1/V) (straight lines). The expected dependencies according to ohmic (J = 15- V),

space charge limited current (SCLC, J = 0.3 - V?) and thermoionic (J = 10770 - exp(qV/kT))

models are also shown, represented with dashed lines. Detection limit is of 1079A/ cm®.

Firstly, at low positive bias, lowering of the pn-junction barrier results in an exponen-
tially increasing current with voltage. Following Schokley equation 2.8, an ideality factor
comprised between 13 and 16 is extracted from the exponential part of the characteristic,
revealing once again a non-ideal diode, yet in agreement with the best samples studied in
Chapter 5. Using trap-assisted tunneling (TAT) model as stated in section 5.2.1, a char-
acteristic energy E7 of 340 meV is found. In order to use equation 5.3 to get access to the
density of ionized impurity V;, the choice of the adequate effective mass is of importance.
By taking into account only electrons with m; = 0.33 or only holes with mj = 4 [229],
N; takes the values 4.10'6 cm™3 or 5.10'7 em ™3, respectively. The tunneling occurring in
a non-intentionally doped active area, the favored scenario is a tunneling of electrons on
residual impurities present at a concentration of 4.10'® cm™3. This is tentatively assigned
to ionized oxygen dopants in the light of results of chapter 4.

Secondly, at high positive bias, neither ohmic conduction nor space-charge limited

current conduction mechanisms are limiting the current once the pn-junction is lowered
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(i.e. for V' 2 6 V). Instead, I-V measurements fit once again well to a Fowler-Nordheim
(FN) tunneling model, which is described by equation 5.4. By assuming that the potential
is fully applied on a triangular shaped barrier, FN plot is again plotted as In(J/V?) vs 1/V.
This hypothesis was already validated by simulations as shown in figure 5.14 (b), which
illustrates the evolution of valence band at the p-AIN / p-GaN interface under different
applied bias. Figure 6.5 (a) shows I-V characteristics of the sample in a FN plot for
different temperature between 6 K and 300 K. The linear part at bias higher than ~ 6 V
clearly supports that this electrical transport mechanism is at play. In addition, the rather
early onset of FN tunneling may signify that this barrier is competing with pn-junction
lowering and may account for the rather large ideality factor identified. At voltages below
6 V, as the temperature decreases, TAT current is reduced, in agreement with freezing of
carriers. At the same time, the slope in the FN regime increases from 60 to 110, which
can only be due to a change in the electric field in the barrier, while the applied voltage
on the whole structure remains constant. This fact, in addition to the early onset of FN
tunneling, indicates that the potential is not only applied on either the pn-junction or the

triangular barrier, but is rather distributed between them.
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Figure 6.5: Fowler-Nordheim (FN) plot of the J-V characteristics as function of temperature.
Solid lines represent FN (green) and TAT (blue) based on fits. Ohmic (grey), SCLC (red) and
thermoionic (purple) conduction models are added with dashed lines taking the same parameters
as in figure 6.4.

129




Chapter 6. UV LEDs from AIN NWs

As already discussed in the previous chapter, the barrier responsible for this tunneling
process is assumed to be located at the p-AIN / p-GaN interface. On this particular
sample, changing the metal from Ni/Au to Pt/Pd/Au had no conclusive effect on the
electrical properties.

Surprisingly, current is flowing even at temperature as low as 6 K at which all carriers
should be frozen in regard of the ionization energies of the shallowest Si donor of 75 meV
(Chapter 4) and Mg of 550 meV [101] in AIN and supported by theoretical calculations
in Appendix B. To explain this fact, a scenario involving direct injection of carriers into
their respective bands is put forward. On the one hand, holes can be provided to VB
by FN tunneling from p-GaN section. Especially, figure 5.14 displaying the simulated
band diagram of the structure, shows that holes are accumulating at the p-GaN / p-AIN
interface. Direct injection of holes in p-GaN from the contact by SCLC is also plausible
especially due to the reduced size of the p-GaN layer of only 15 - 20 nm. On the other
hand, electrons are provided by the metallic n-GaN stem and are directly injected into the
n-AIN CB by SCLC as reported in Chapter 4. Once injected in the bands, the electric

field is enough to make both charge carriers drift to the active region.

6.3.3 Electro-optical characterization

In a second time, electro-optical characterizations were carried out. In order to perform
EBIC characterizations, the sample was cleaved to access the NWs array from the side.
In this configuration, EBIC at 0 V and CL signals were recorded under a 5 keV electron
beam excitation. It is worth noting that these two signals were not acquired at the same
location. Since EBIC implies the collection of injected charges, their separation by the
internal electric field would result in the absence of recombination in this area, thus, the
absence of CL signal. To cope with this issue, CL was acquired on contact-free NWs in
the vicinity of the contacted ones investigated by EBIC.

On the first hand, zero bias EBIC and CL linescans are displayed in figure 6.6 (a) and
(b). From EBIC signal, the pn-junction can clearly be located at the middle of the AIN
section, with the electric field reaching a plateau corresponding to the space charge region,
which width is found to be around 100 nm. In the case of an abrupt pn-junction, this
width w is expressed as:

w— | 2= V) (6.1)

qNeft
with Neg = (1/Np + 1/Na)~L, Np. 4 the donor and acceptor concentrations and Vi the
built-in voltage taken as equal to 5.5 V, to account for ionization energy of dopants. With
a depletion width of 100 nm, the equivalent Neg is 5.10'7 cm™3. This result gives a lower
limit for the dopant concentration, assigned to the n-type one and assesses a significant

effective p-type doping of the AIN section.
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Figure 6.6: (a) Quantitative EBIC signal at zero bias in blue along with exponential fits in
orange solid lines and (b) CL signal recorded along four NWs. Inset in (a) is a zoom showing the
EBIC shift at the p-AIN / p-GAN interface. (c) Zero bias EBIC mapping. (d) CL mapping at
285 £ 3 nm.

Following the above equation, one can measure w at various bias until the pn-junction
is fully lowered. However, this did not give conclusive results,probably because of the

presence of the different barrier and the low collection of generated carrier.

Away from the depletion region, EBIC signal scales as:

Igpic < exp ( — L:E ) (6.2)
n,p
where L, , is the minority carrier diffusion length. Accordingly, fits were performed and
are plotted as orange lines in figure 6.6 (a). Diffusion lengths of 80 4+ 10 nm for electrons
in p-AIN and 205 £+ 15 nm for holes in n-AIN are found which are close to the ones found
in other (Al)GaN systems [204, 247, 248|. A slight shift of EBIC at the p-AIN / p-GaN
section is measured. Its presence might reveal the tunnel barrier previously mentioned.
From CL linescan centered on 285 nm (£ 3 nm), the maximum intensity is aligned with
the maximum of EBIC signal which indicates the good overlap of both active region and
space-charge region. On the other hand, figure 6.6 (c) and (d) show signals acquired as the
electron beam was scanning the sample. It highlights the good homogeneity from wires to
wires of both CL and EBIC signals. This situation is favorable to the injection of charge
carriers in the active area in order to make them recombine as efficient as possible and

emit photons at the desired wavelength.
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6.4 Light emission behavior

6.4.1 Electroluminescence

Electroluminescence of the LED was recorded by applying a DC voltage on circular
pads as displayed on figure 5.9 in order to collect light from the top. Figure 6.7 (a) shows
electroluminescence spectra as a function of the applied bias. One single peak at 285 nm
can be seen, which increases with voltage and current. Furthermore, the onset of the EL
signal starting at 6 V (inset of figure 6.7 (a)) is consistent with the bandgap of AIN and
the LED band structure. CL spectrum acquired from top view with a 15 kV acceleration
voltage on a 10 x 10 pm? region at the center of the pad, and EL spectrum at +20 V are
compared on figure 6.7 (¢). Besides a good agreement of the main peak wavelength position,
no significant contribution of GaN or defect related luminescence at higher wavelength is
present in EL with respect to CL. This feature points toward recombination of carriers

mainly in the active area, even at bias as high as 20 V.

T T
— 5V;0.28 ImA/cm2 7 Active area  ——CL
— 6V;216mAom’ ] ——EL-20V; 12.4 Alcm?
— 7V;9.68 mA/lcm? -

8V ;33.2 mA/lcm? ]

9V;89.8 mA/cm? 1
~——10V ; 211 mA/cm?
~— 11V ; 448 mA/cm? ]
—12V ; 840 mA/cm?
—13V;1.47 Alcm?
—14V;240 Alcm? ]
; 3.70 Alcm?

1
EL intensity (u.a)

GaN Defects related

EL intensity (u.a)
Normalized intensity (a.u.)

e —

0 T T T T T T
T T T
200 225 250 275 300 325 350 375 200 250 300 350 400 450 500

Wavelength (nm) Wavelength (nm)

Figure 6.7: (a) Electroluminescence spectra peaking at 285 nm. Inset: same data plotted in a
semi-logarithmic scale. (b) Comparison between normalized EL and CL spectra.

The expression of the external quantum efficiency is recalled:

qPopt

EQE = hvl

(6.3)

with ¢ the elementary charge, P,y the optical output power, h Planck’s constant, v the
photon frequency and I the current flowing in the device. This equation can be also
rewritten as:

Pypt = f;” ‘EQE-I (6.4)

which state that optical power is linearly proportional to the injected current, in a standard
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LED behavior. In order to know if we are in such case, EL intensities were integrated to get
access to the optical power. However, in this setup, this quantity could not be measured
quantitatively but it allows to plot Py /I vs I in figure 6.8. A plateau for current density
lower than 0.2 A/ cm? is observed, meaning that the above equation is followed.

However, at current injection higher than 0.2 A/ cm?, a drop is measured indicating
the apparition of losses. Indeed, several factors can account for these, as depicted in
figure 2.7. Among all charge carriers injected in the LED, some can be lost by Joule effect,
due to high access resistances of p-type and n-type sections, some can overflow in neutral
regions and exit the active area, some can recombine non-radiatively in the active area.
In addition, it is much likely that only a fraction of the NWs contributes effectively to the
light emission and therefore the effective area of conduction would be smaller, pushing the
plateau towards higher current densities. Which of these is the predominant factor remains

an open question.
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6.4.2 About efficiency

In the aim of measuring the EQE and the optical power, a new contact design has
been tested. A large 0.7 x 0.7 mm? contact made of Pt/Pd/Au (5 nm thick each) was
deposited on top of the NW array. Due to its reduced thickness, this layer is behaving as
semi-transparent. CL measurements on the pad and away from the pad allows to give a
rough estimation of the UV light transmitted through the metal layer, which is found to
be around 40%. A second lithography step was realized in order to deposit an additionnal
100x 100 pm? square pad on top of the first one and is composed by 80 nm of gold. An

optical microscope image of the pad is shown on figure 6.9 (a). Figure 6.9 (b) shows a
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picture of the sample when one LED is contacted. The square pad can be clearly seen in
blue indicating an homogenous current spreading, at this rather large scale. This emission
color is the electroluminescence of defects in the blue band. Although it is visible with
naked eyes, EL spectrum shows that this peak is around 20 times smaller than the main
peak at 285 nm, as observed in figure 6.7 and confirmed by a EL measurement on this very
LED, shown in figure 6.7 (c).

c) — 16V ; 2.28 MA

Length = 98.25 ym §

EL intensity (a.u.)

200 250 300 350 400 450
Wavelength (nm)

Length = 702.40 ym

Figure 6.9: a) Optical microscope image of the semi-transparent metal contact deposited on top
of N3784. b) Picture of the processed sample. One LED, designated by the pink circle, is
connected and a 12 V bias is applied. ¢) Recorded EL spectra of the LED shown on (b).

In this configuration, generation of photons is increased thanks to the larger contact
surface. However, current level was of the same order of magnitude as in the previous
contact design which was 5 times smaller, indicating a high access resistance probably due
to the high resistance of the thin contact layer, or a fewer number of NWs connected. In

the end, improving the collection of light led to a decrease in injection efficiency.

Nevertheless, an optical power of few 1078 W was measured. Taking into account the
distance between the sample and the power meter and its small solid angle on which it
is actually collecting the light, an EQE ~ 5.1072 % is inferred. It is the first measured
efficiency from an AIN NWs LEDs emitting at these wavelengths achieved in our team and,

to my knowledge, ever reported.

Still, the value in itself is quite low. From temperature dependant CL measurements
(Figure 6.3), one can assume, in first approximation, that IQE = % ~ 20%. This
high value of IQE cannot account for the low EQE value which means that injection and
light extraction efficiencies are indeed responsible for the majority of the losses. If lots of
effort were put on the investigation of the pn-junction and therefore current injection, a lot
of work is still to be done in order to increase at both at the same times. Therefore even
with this design adapted to EQE measurements, p-side contact remains the main limiting

factor.
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6.5 Summary of chapter 6

6.5.1 Conclusion on AIN NWs LED

To summarize, the realization of an AIN LED emitting at 285 nm grown by MBE
was presented. Optical characterizations were recalled and complemented as they were
substantially presented in Chapter 3. The nature of localization centers in the Ga-doped
AIN active area is different from standard AlGalN alloy emitting in the same spectral
range. The random distribution of small AlGaN clusters in the AIN matrix is actually
leading to a similar QD-like behavior at the scale probed by the exciton. A ratio between
CL at room temperature and low temperature of 20% is measured, pointing towards high

recombination efficiency due to the large confinement of the exciton on the AlGaN clusters.

Electrical characterizations were performed in the light of the results presented in Chap-
ter 5. A high ratio of ~ 10° between ON state and OFF state is measured, describing the
good rectifying behavior of the diode. The devices show good reproducibility and current
level although it is limited by the presence of a tunnel barrier assumed to be at the p-AIN
/ p-GaN interface.

CL and EBIC experiments allowed to locate the space charge region and the active
area. Their overlap is observed, which is beneficial to promote radiative recombinations of
electron-hole pairs with the desired energy. By modeling of I-V and EBIC, a high effective

3

doping of 5 x 107 cm™3 was extracted as well as diffusion lengths of around 80 nm and

200 nm for electrons and holes in p-AIN and n-AIN respectively.

Electroluminescence was successfully obtained, consistent with optical measurements
and device behavior is in line with standard LEDs. A linear relationship between optical
power and current is observed followed by the apparition of losses in a high injection regime.
EQE of the device is estimated to around 5.1073 %.

6.5.2 To go further

As this chapter is the last of my work, it has presented a functioning LED. The realiza-
tion of such device requires the combination of several parts that have been studied in the
three previous chapters and therefore, its improvements goes through the improvements
of all the sections. Naturally, my first direction to go further and guide future work is to

read the other "To go further’ sections in the previous chapters.

Nevertheless, I would like to highlight some here:
e The NWs homogeneity is also a key point as it governs NW doping homogeneity and
therefore current spreading homogeneity. Moreover, increasing it would allow a better
control and homogeneity of the emission wavelength as well as potentially delaying the

onset of the efficiency drop towards higher current.
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e The search for a better p-type electrode is necessary as the compromise between light
extraction and hole injection is the main limiting factor in the LEDs presented in this

work.

e Opportunity to remove the substrate and transfer the NWs LED onto a UV-reflective

layer could be investigated to further increase the number of collected photons.
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(GGeneral Conclusion

To finally end this PhD thesis, an overall conclusion is now offered.

A lot of research is currently carried out worldwide in order to address the increasing
needs for solid state UV-C emitters and replace mercury-based lamps in sanitation appli-
cations. Being part of this effort, this work has explored the realization of LEDs emitting
in the UV-C based on an alternative structure compared to the state-of-the-art. The use of
pure AIN in a nanowire (NW) structure is advantageous and promising in term of dopant
incorporation and light extraction. At the same time, challenges appear as for instance,
electrical conductivity, control of the light emission or technological development. Espe-
cially, by the time of my PhD beginning, underlying physical mechanisms at play in these

nanostructures lacked clear understanding limiting further development.

Therefore, scientific questions were stated at the beginning of this manuscript, which

my work contributed to answer to.

1. How can efficient UV emission be achieved from AlGalN
nanowires?

Ways to achieve light emission in the UV-C range were firstly investigated in Chapter 3
mainly through cathodoluminescence (CL) measurements. The use of pure binary com-
pounds as constituents was motivated by previous results in the literature, highlighting
the difficult control of AlGaN nanowire composition and optical properties. Using binary
AIN/GaN heterostructures, the growth of mono-layer thin GaN quantum wells was demon-
strated, with luminescence from 239 nm up to 304 nm depending on the number of GaN
mono-layers. To achieve such difficult growth, diffusion properties of Ga adatoms and

self-limiting processes were used to our advantage.

Secondly, my work led to the study of AlGaN nanowire with extremely low Ga content
(below 1%). This system revealed interesting properties with light emission in the UV-
C range, being drastically different than standard III-N alloys. Optical properties were
attributed to AlGaN clusters able to localize and strongly confine the exciton in a quan-
tum dot manner. In both cases, the structures showed good thermal stability with room

temperature luminescence intensity between 15 to 30% of the one at low temperature.
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2. How does Si incorporation change AIN nanowires struc-
tural and electrical properties?

Silicon doping of AIN NWs was also investigated with the aim of improving electrical
conductivity of future devices. A wide range of doping was studied up to 102! Si/ cem®. Tt
was inferred from Raman spectroscopy and electron microscopy that solubility limit was
not reached. A change of morphology was observed and attributed to a change in growth

mechanisms.

Current-voltage (I-V) characterizations were carried out and showed the presence of an
Ohmic regime for bias below 0.1 V, followed by a space charge limited (SCLC) regime
at larger bias. Study of the Ohmic regime confirmed the apparition of self-compensation
effect with a maximal conductance reached for 10'7 Si/ cm?’, in agreement with previous

reports from literature.

3. In which state are Si donors in AIN nanowires?

Temperature dependent I-V measurements were performed in order to measure activation
energy of the dopants. Contrary to commonly found DX state exhibiting an energy of
270 meV, shallow Si donors remained active at room temperature in the lowest doping
regime, exhibiting an activation energy of 75 meV. Deep DX state was however found to
be the only active at higher doping regime and in the range of temperature investigated.
SCLC regime study allowed to identify a third Si-related level at ~160 meV only acting
as an electron trap in the highest doped samples. The presence of these three levels
corresponds to three Si configurations: the pure substitutional Sip; and two DX states

reconciling results from literature.

With its reduced ionization energy, shallow Si donor is an asset in order to increase free
electron density and conductivity of AIN:Si. Reasons for this stabilization are still unclear

but are assumed to be arising from strain relaxation at NWs sidewalls.

4. What are the electric transport mechanisms at play in AIN
nanowires pn-junction?

Through I-V and electron beam induced current (EBIC) experiments, AIN pn-junction
electrical transport was probed in Chapter 5. Devices showed good rectifying behavior
and ideality factors between 10 and 100. The latter corresponds to the case when no
In-codoping was used for the p-AIN section. The presence of a Schottky contact at the
p-type interface was evidenced leading to a limited ON-State current. Fowler-Nordheim
regime is found to be the main mechanism limiting current flow in forward bias. It is

assigned to the presence of a barrier through which holes tunnel prior to flow in the p-AIN
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section. Identification of the barrier points toward either the p-AIN/p-GaN or p-AIN /

metal interface.

5. Is the realization of an AIN nanowires LED possible? With
which performances?

Optimization of the AIN pn-junction was realized in Chapter 5 using I-V, EBIC and
electroluminescence (EL). It allowed to choose the adequate design in which was inserted an
emitting region. The overall properties of the device were presented in Chapter 6. A large
10° ratio between ON and OFF states is measured. Diffusion lengths of minority carriers
could be extracted from EBIC measurements which are of around 80 mn for electrons in
p-AIN and 200 nm for holes in n-AIN.

The device exhibited EL at 285 nm in agreement with CL spectra. The optical output
power and current density were found to be linearly dependant at low injection regime as
excepted from standard LED physics. External quantum efficiency of around 4.1073 %
was estimated, mainly limited by the lack of transparent electrode reducing drastically the

light extraction.

Prospects

I. Luminescence properties

Regarding the optical properties, both ultra-thin GaN quantum wells and Ga-doped AIN
NWs have shown great results. The emission wavelength being controlled, a deeper inves-
tigation of properties is needed in order to precisely assess and further improve radiative
efficiency. Notably, questions are which points defects are present in AIN NWs?, Are they
detrimental to the generation of light?, If yes, how to reduce their density?, What is the

role of surfaces?

Ensuing Ga-doped AIN NWs intriguing optical properties, a large panel of experiments
could be done in order to understand and control the formation of the AlGaN clusters.
Will it be possible to reduce the density of clusters and measure intrinsic properties of such

single-photon emitters?

Is this system favorable for light emission in LEDs? In this regards, QW structures were
favored in blue LEDs thanks to their large density of states compared to QD, allowing for

more photons to be produced.
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II. Doping and electrical transport in AIN nanowires
As concerns doping of AIN NWs, the study of Si-doped AIN highlights the specific incorpo-

ration of Siin a NW geometry with respect to bulk. However, the reason for this specificity
is still unclear and need to be addressed. Is it possible to stabilize Si in shallow state and
reach Mott transition? What is the role of surface states, growth condition diameter? How
are Si atoms spatially distributed? Can other dopants be used to achieve a high n-type

conductivity ?

Along my PhD work, I chose not to dive into the study of electrical properties of Mg-doped
GaN and AIN NWs. However transport properties in such materials can be quite different
from what we know in bulk. The same kind of study as for AIN:Si NWs should be carried
out in order to optimize free hole concentration of these materials. In p-GaN especially,
although a large amount of acceptors can be introduced, there is a lack of conductivity

measurements in NWs and non have been performed in my thesis work.

Hole injection being a major issue the use of new materials as top electrodes are to be
seriously considered. Diamond, h-BN, graphene solutions might be easy to realize or at

least to test.

II1. Technological developments

TEM studies are convenient with nanowires since they can be dispersed on a TEM grid
with a relative ease. However, this preparation reaches its limits when it comes to detailed
analysis and not only imaging. Having NWs on a proper lamella would have allowed
much deeper insight on, for instance, dopant spatial distribution, better measurements of
dopant concentration and cleaner imaging. One technological development that could be of
particular interest is the use of tools for TEM lamella preparation such as ultramicrotomy

and FIB processes.

As many times stated in this thesis, nanowire morphology is a key parameter as it rules
several aspects such as, active area dimensions, doping and conductivity or processing
and contacting. The use of patterned substrates would suppress all these considerations.
Having access to a uniform distribution of NWs morphology would therefore give access
to differences in physical properties which are difficult to disentangle in the case of self-
nucleated wires. Therefore, developing e-beam or nano-imprint lithography techniques
would be largely valuable for device fabrication as well as for providing material seized to

perform experiments and bring understanding of physical mechanisms.

I hope you have appreciated this manuscript.

Thank you for reading.
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APPENDIX A

MBE calibrations by RHEED

A.1 Cells calibration by RHEED Oscillations

In order to calibrate growth rates and atomic fluxes, several techniques can be used.
The technique I learned and utilized is the calibration by recording RHEED oscillations as
a function of cell temperature. As discussed in paragraph 1.2.3, monitoring the RHEED
intensity of the direct reflection of the electron beam on the surface, gives information on
its roughness. At the beginning of the growth, the layer is complete and considered as
compact. Therefore, the reflection is at its maximum giving a maximum RHEED intensity
of the reflected beam. As soon as a new layer is starting to grow, the top layer gets
incomplete which adds roughness and reduces the reflectivity: RHEED intensity reaches a
minimum when the grown layer is half completed. Once the layer is fully grown, then the
surface its initial state and RHEED signal reaches its maximum again. A schematic view

of the process is drawn in figure A.1.
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Figure A.1: Schematics of the RHEED intensity as function of the growth duration.

One can use this signal to calculate the growth rate of the layer for a given cell at
a given temperature. Figure A.2 shows oscillations for a gallium cell at three different
temperatures. For each of them, one can observe several oscillations with a period corre-
sponding to the ML growth rate. As one changes growth rate by acting on the Ga flux,

the growth must be Ga-limited, in other words in Nitrogen-rich conditions.



Appendix A. MBE calibrations by RHEED

This technique seems robust and efficient. However, in practice it has to be nuanced.
First, at the opening of the cell shutter, a burst of material is created which means that
a higher flux is sent to the substrate. Several seconds up to some minutes can be needed
to reach a steady state. Therefore, the growth rate measured by RHEED oscillation can
be overestimated if one doesn’t deburst the cell by opening its shutter before starting the
growth. Another limitation is the substrate surface quality. As one grows layers in nitrogen
rich conditions, the surface roughens. This roughness makes the reflected beam weaker and
the oscillation pattern more difficult to observe. Growth of GaN under Ga rich condition

can be done in order to recover the surface. However, in the case of AIN; it is more difficult

to smooth the surface.
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Figure A.2: RHEED oscillations during the growth of GaN layers for three different gallium cell
temperatures.

Another technique can be used to calibrate the cells. In order to be closer to growth
conditions of thick layers, one can grow a rather thick layer at a given cell temperature
and measure its thickness afterwards, by SEM or X-ray diffraction. By doing so, surface

roughness and N-rich conditions don’t matter anymore and the calibration is done in a

steady state.
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A.2. Substrate temperature calibration with surface reconstructions

A.2 Substrate temperature calibration with surface recon-

structions

Substrate temperature in measured by a thermocouple facing the rear face of the Si
wafer but not touching it directly. Temperature readout can be altered if the thermocouple
moves away from the wafer for instance after a maintenance of the MBE. To ensure the
growth occurs at the desired temperature, grower takes benefit from surface reconstructions
of (111)-Si. Atoms at the top of the last mono-layer rearrange in a 7x7 pattern, if the
surface is clean and at temperature lower than ~ 860 °C [68]. This sort of sub-lattice has its
a surface cell symmetry which is 7 times larger than the Si lattice. Therefore, the diffraction
pattern features 7 additional lines. At higher temperature, the reconstruction vanishes and
diffraction of the lattice is only seen. Recording the middle lines’ RHEED intensity allows
to observe their (dis-)appearance and adjust the thermocouple readout so that it matches
the reconstruction temperature. Figure A.3b shows the recording of RHEED intensity of
the region of interest marked on figure A.3a during cooling and heating of the Si wafer.
It is also plotted the first derivative of the curves which allows to clearly see the inflexion
point. The average minimum of both derivatives is taken as reference for calibration. On

this example, it matches the predicted values at +5°C.
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Appendix A. MBE calibrations by RHEED

(a) (111)-Si substrate exhibiting a 7x7 surface reconstruction at Ts,,=820°C. White rectangle shows the
region of interest for RHEED intensity recording.
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(b) RHEED intensity and its derivative as function of the temperature indicated by the thermocouple.
The theoretical values are ranging between 850°C and 860°C.

Figure A.3: Substrate temperature calibration using 7x7 reconstruction of Si (111).
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APPENDIX B

Quantification of carrier density

This appendix aims at giving more theoretical and analytical details on the quantifica-
tion of charge carriers in doped semiconductors, based on the book of David Loox [75]. It
is ruled by the charge balance equation which states that the number of positive charges

and negative charges must be equal:
n+> Ny, =p+Y Np, (B.1)
¢ J

where n (resp. p) is the free electrons (resp. holes) concentration and N ; (resp. Ng}i) is
the number of ionized donors (resp. acceptors) of the species i. The intrinsic free carrier
concentration n; will be neglected as it is very small in AIN and GaN (< 10719 ecm —3).
Fermi level position rules which dopant and in which proportion is ionized depending on
their relative positions. If a donor energy level is below Fermi level by a few kT, it won’t
be ionized and if its level is above the Fermi level by few kT thus it will be assumed to be
fully ionized. The opposite reasoning stands for acceptor species, giving the following set
of equations:
N}, =Np if Ep > Ep by few kT
Nj =0 if Ep < Ep by few kT
Ny =0 if Ea> Ep by few kT
NIX =Ny if E4q < Ep by few kT

(B.2)

In the following is only considered the case of n-type doping of a semiconductor with
n > p, and p will be neglected. Thus, equation B.1 can be expressed as n+Ny = Ng. Here,
as we supposed aa n-doped semiconductor Er > E4 and N, = N4. Since the probability
distribution followed by the ionization of dopant follows the Fermi-Dirac distribution, the

charge balance can be rewritten as:

Np
1+ éexp (EezEr)

n+ Ny= N} = (B.3)

where g is the degeneracy factor usually taken equal to 2 for electrons and 4 for holes.



Appendix B. Quantification of carrier density

Then, assuming a Boltzmann statistic, equation B.3 can be transformed using the

following equation:
Ec—FE
n = N¢ exp (%) (B.4)

solving the equation in Er and replacing the solution in B.3 leads to:

N, N,
ntNyg=—F— 2 :1+DL (B.5)
1+ o5 exp (72) Py
1 E
with, ¢p = §NC exp (ﬁ) (B.6)
2mmkT
N¢ = 2( h; ) (B.7)
ending with a second order polynomial in n, which one can solve. The results is:
1 4¢p(Np — N.
n==(¢p+Na)|\/1+ ¢p(Np 2"‘) —1 (B.8)
2 (¢p + Na)

with only few parameters, being m’, N4, Np and Ep. In the limit of high temperature,

N¢ tends to 400 and so does ¢p which allows the expansion of the square root term into:

2¢p(Np — Na)
(pp + Ny)?

meaning that all species are ionized as expected. Calculations in the case of Si doped GaN

1
n:§(¢D+NA)- ~ Np— Ny (B.9)

and AIN are shown below in figure (B.1), taking effective masses of electrons reported in
the table B.1, without compensation. It highlights the difficult ionization of Si donors in

AIN because of its large ionization energy compared to GaN.

T T T T T T T T T
— 10 = B . 107 F—10%m=3 —10"cm—3 E
> E/-”/ = I ——108cm—3 10¥%cm—3
5 I ] z | 1020cm 3
g g
< 10t E < 10t
el = ] = F
[} - [} .
N ] X [
g | g i
% | s
= 100} E = 100 E
2 & —10%cm=3 —10'7em =3 | 2 V
2 —108cm =3 10¥em =3 | 3 I
= 10*°cm—3 ) =
10*1 1 1 1 1 1 1071 L L 1 1 1
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Temperature (K) Temperature (K)
(a) GaN:Si with Ep = 20 meV (b) AIN:Si with Ep = 270 meV

Figure B.1: Comparison of the fraction of ionized donor as function of the temperature for
various dopant concentrations. Ionization energies of 20 meV and 270 meV were chosen.
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This model can be seen as rather complex already, although it cannot explain the metal
non-metal (or Mott) transition observed in degenerated semiconductors. GaN:Si exhibits
its transition at [Si] ~ 10 ¢cm™3 [78]. One big assumption in this model is to state that
the ionization energy is constant with dopant concentration. However, depending on the
spatial distribution of the atoms, dopants feel an effective medium different than the one
of the pure crystal. Hence, the potential felt by the carrier between atoms is screened,
translating into a lower ionization energy, as first demonstrated by Pearson et al in 1949
in silicon [249]. Later on, Gotz et al. [250] and Brochen et al. [100] have highlighted the

same dependence in nitrides as:

2\ [4r\'? ¢
eo=ron-1(3) () g (B.10)

where, Epg is the ionization of a single dopant, I' is the Gamma function and ¢ is the
dielectric constant of the material. It assumes a random distribution of atoms in the
volume without any preferential direction. Figure B.2 represents the evolution of the

effective ionization energy, according to this model, in the case of Si in AIN at a level of

270 meV pointing towards a metal non-metal transition occurring at several 1020cm™3.

Figure B.3 compares the free electron concentration of this system with Np = 10 cm™3

3 and

for the different model: without compensation, with a compensation of 10'® cm™
with the dependence of the ionization energy on the doping level. Taking into account this

new dependance, the increase can be of more than one order of magnitude.

Table B.1: Effective masses in GaN and AIN used in the computations [229]. Values are in unit
of mg.

mSaN mgaN meAlN mﬁlN

0.2 0.8 0.3 1.3
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Appendix B. Quantification of carrier density
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Figure B.2: Evolution of the ionization energy of a donor in AIN as function of its concentration
with an base ionization energy of 270 meV as described by equation B.10.
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Figure B.3: Calculated free carrier concentration in AIN in various scenarios. Epg of 270 meV
and Np = 10"cm~3 were used.
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APPENDIX C

NextNano simulations

NextNano is a company spun out of the Walter Schottky institute of Munich and
which develops a software of the same name. It allows the simulation of electronic and
optoelectronic devices in order to investigate various properties. The user creates a grid
on which is defined a material with its various intrinsic and extrinsic properties.

Different solvers can be used depending the results one wants to obtain. Poisson solver

is used in order to solve Poisson’s equation:

d’p plx)

T2 =" (C.1)
where ¢ is the potential, x the spatial coordinate, p the density of charges, and e the
dielectric constant of the media. It is suited to the simulation of simple band structure
with no bias.

Quantum solver is used when one wants to solve Schrodinger’s equation:

i

S (@) = E¥(a) (C.2)

with 7 the reduced Planck’s constant, m the effective mass of the studied particle (electron
or hole in our case), ¥ its wave-function and FE its energy. This solver is suited to simple
structure in which the focus is put on the carriers wave-function location and energy of a
particle in a quantum well for instance.

Finally, Current solver is used to compute band structure and current flowing in the

device when a bias is applied. It is solving the drift-diffusion current equation:

) = a (e} F(a) + D, 2)) (©3)

with, in the case of electrons, J,, the electron current density, ¢ the electric charge, u, the
mobility of the electron, n the density of electrons, F' the electric field, D,, the diffusion
coefficient, Vn the gradient of the free electron density. These equations, and others, can

be solved self-consistently when several are required in the same simulation.
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In several parts of my work, NextNano simulation were used in order to support hy-
pothesis. In Chapter 4, the simple Poisson solver was used in order to draw the band
diagram of the structure in a 1D approximation and in 2D in order to observe the spatial
distribution of charges because of Fermi level pinning on the side-walls. In this case the
AIN NW was surrounded by air and a Fermi level pinning was applied on all NW facets.
In Chapter 5 and Chapter 6, Poisson-Current solver was used in order to draw the band

diagram of the NW pn-junction at different bias.

If it is a rather user-friendly software, it remains a black box and false results can be
easily obtained. Indeed a lot of parameters are input prior to solve the above equations and
some of them are not known with accuracy. For instance, solving Schrodinger’s equation
can be done using different model to approximate the band structure in k-space. One
can model CB and VB only or decide to model them in a k.p-6 or k.p-8 bands model.
These models rely on dispersion relations, crystal splitting and spin-orbit coupling energies,
effective masses in the three directions of space and so on. Therefore, the results can be
pretty dependent on unknowns. It is one reason why simulation results were not shown in
Chapter 3.

In pn-junction, applying a bias on the structure implies the introduction of other de-
pendencies because drift-diffusion current equation is used. This is highly dependant on
the recombination and mobility models used and their parameters. However, since it is
used to only qualitatively describe the band structure and not to predict I-V characteristics
for instance, the results are not affected very much by these parameters. Figure C.1 shows
two band structures of the simulation from Chapter 5 with two different mobility values.
This comparison allows to justify the use of such simulation to qualitatively describe the

band structure of the device under a bias.
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Figure C.1: NextNano simulations of the band diagram of a n-AIN — i-AlGaN — p-AIN —

p-GaN structure under a +10 V bias for two mobility values in a constant mobility model.
Red: Conduction band. Blue: Valence band.
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APPENDIX D

Literature review on transition

energy level of AIN:Si

The two following graphs show the same dataset as figure 4.14 but sorted as function

of growth technique and substrate used. No trend is observed from the data.

lonization energy (meV)

0

100

200

300

x0

Growth
technique
MBE
MOCVD
PVT
Implanted

E.XVI

X > x> oHENER>)» |

O

Zeisel et al. (2000)
Taniyasu et al. (2002)
Nakarmi et al. (2004)
Taniyasu et al. (2004)
Ive et al. (2005)
Hermann et al. (2005)
Borisov et al. (2005)
Kanechika et al. (2006)
Taniyasu et al. (2006)
Schulz et al. (2007)
Son et al. (2011)
Collazo et al. (2011)
Trinh et al. (2014)
Thonke et al. (2017)
Breckenridge et al. (2020)
This work

10"
[Si] (cm™3)

10

20

102‘1

(a) As function of different growth techniques.



Appendix D. Literature review on transition energy level of AIN:Si

Zeisel et al. (2000)
Taniyasu et al. (2002)
Nakarmi et al. (2004)
Taniyasu et al. (2004)
Ive et al. (2005)
Hermann et al. (2005)
Borisov et al. (2005)
Kanechika et al. (2006)
Taniyasu et al. (2006)
Schulz et al. (2007)
Son et al. (2011)
Collazo et al. (2011)
Trinh et al. (2014)
Thonke et al. (2017)
Breckenridge et al. (2020)
This work

Substrate

B Sapphire

A AIN-PVT
A ® SiC

® Si

%O
100

%
()

200 [ |

lonization energy (meV)
e}
>

[
300 m ®
A

OxXx %> HXX>HEEN) > NE)» BN

10 10 10" 10% 10"
[Si] (cm ™)
(b) As function of different substrates.

Figure D.1: Review of transition level energies of Si in AIN reported in the literature for various
doping levels.

XLII




APPENDIX E

Growth on TiN buffer on (111)-Si

Growth of GaN NWs on (111)-Si substrates has its specificities in term of NWs density
and diameter. If the grower wants a lower density of NWs, playing on the substrate
temperature is often not enough as Ga desorption and GaN decomposition would be too
large. However growing on buffer layer gives the opportunity to change few characteristics
of the NWs, by acting on the surface diffusion length of adatoms. For instance the growth on
AIN buffer layer is used to homogenize the NW orientation perpendicular to the surface, as
well as slightly reducing NWs density [251]. Another buffer layer which has been preferred
in this thesis is TiN. To do so, several groups inspired the realization of this buffer [56,
252].

First a 5 nm thin Ti layer was deposited on the (111)-Si wafer by electron-beam evapo-
ration. Then the wafer was introduced into the growth chamber and degazed for at least 30
minutes at 300°C. A deoxidation step of 45 minutes at 650°C followed. A first nitridation
of the Ti was done during 10 minutes at 450°C and a second one at the growth temperature
for another 10 minutes. This nitridation was performed using our RF-plasma cell with a
N flux of ~ 0.9 ML/s. If the size of the Ti layer is to thick, and because of the deposition
technique, the films roughens and leads to tilted NWs or no growth at all as shown in
figure E.1. 5 nm seemed to be a good compromise with uncoalesced and rather straight
nanowires (Figure E.2) with adjustable diameter depending on the substrate temperature
and Ga flux.



Appendix E. Growth on TiN buffer on (111)-Si

(a)
Figure E.1: GaN NWs grown on (a) 20nm and (b) 50nm thick TiN buffer. Scale bar is 500 nm.

(a)

Figure E.2: SE images of (a) cross sectional and (b) top view of GaN NWs on 5nm TiN buffer.
Scale bar is 500 nm.
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