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Abstract

Solid-state deep U\ight emitting diodes (LEDs) based AhGa.xN material are nowadays gaining
particular attention due to their potential for replacing mercury lamps, currently used for sterilization and
water disinfection applications. However, the realization of planentedinitting devices is limited by a

high density of extended defects and difficult efficient dopant incorporation affecting both optical and
electrical propertie&s a strategy to alleviate this difficulagve focused on the study of nanowire based
heterostructure devicesie to their advantageatdstically relaxing the strain during growth, coupled with
ahigherdopant solubility limit and an eased light extraction coming from their particular morphology.

First, correlated experiments of Atorolder Tomography (APT), Energy DispersinayXSpectroscopy

(EDX) or Raman spectroscopy performed on GaN pn junctions grown by plasma assisted molecular beam
epitaxy (PAVIBE) have shown that bothtype and fiype dopants, namely Si and Mg, respectivahyit ex

an inhomogeneous radial distribution, with dopant incorporation upper limits attéfintogn$ions at

the periphery, higher than in 2D lay@ise study of Mg incorporatidny APT concluded on the
understandingf the incorporation mechanism, prehtial on the mplane sidevalland assisted by H due

to the high stability of é@éMgH complex in Nrich conditions.

The second part of the work is dedicated to the study of the more challenging Mg dopant incorporation
and activation in AlNalloy succssfully attainedn this PhD byIn-Mg codoping. The efficient
incorporation of this dopant in AiNanowiregssisted by small concentration of In has been assessed by a
series of techniques (EDX, Raman)-inkip theoretical calculat®mave shown thathe efficient
incorporatiorof Mgin an Alsubstitutional site is due to a process involving the nitrogen vacancies forming

an InVn complexThe formation of AIN NW m junction has been concomitantly assessed by electron
beam induced current (EBIC) expents putting in evidence the electrical field associated with the
junction. An extensive study of the electrical activation of acceptor impurities has been further achieved by
electron beam irradiatiohthe samples and characterized in EBIC experiments

RZsumZ

Les diodes Zlectroluminesce(ite®) ~ semiconducteurd base de matZriau@hb.«N font actuellement

I'objet d'une attention particuliere en raison de leur poesiiieemplaerles lampesmercure, utilisZes

pour des applications de sgatlon et de dZsinfection de I'eau. Cependant, la rZalisation de dispositifs
Zmetteurs efficacem gZomZtriglaraireest limitZe par une densitZ ZlevZe de dZfauts Ztendus et par une
incorporationdes dopantsdifficile, notamment de type p, ce qui atfdes propriZtZs optiques et
Zlectriques. Posurmonterces difficult, je me suisoncentr&sur [0Ztude des hZtZrostrisctinase de
nanofils, en raison de laapacitZ relaer Zlaiquement la contrainte pendant la croissance, associZ

une limie de solubilitZ delopansplus ZlevZet ~ une extraction de lumiere facilipéeleur morphologie
particuliere.

En premier lieudes expZriences corrZlZes de tomographie paatsanidagAPT), danalyse dispersive

en Znergle des rayongBODX) ou ck spectroscopie Raman effectuZes sur des _jonetiots GaN
dZveloppZes par Zpitaxie pamjelZculaigassistZe par plasma {RBE) ont montrAjueles dopants

de typen et p ~ savoir Si et Mg, respectivement, prZsentent une distribution radialeogme, avec

des limiteslOincorporation atteignarit ames/craenpZriphZrie, plus ZlevZes que dans les couches 2D.
LOZtude de IQincorporatiokgl par IOAPT a permiscdenprendre lenZcanisme dOincorporaiipm,a

lieu prZfZrentiellement darparoi latZraleles nanofils correspondant @lan m etest assistZe par
IOhydrogeren raison de la grande stabilitZ du complex¢ danses conditionde la croissance

La deuxieme partie du travail est consacrZe " Ifftisdeomplexde l'incorporatin et de I'activatiodes

dopants Mg dans l'alliage AialisZes dans cette thesecpatopage IAVig. LOincorporation efficace de

ce dopant dans des nanofils dQssidistZpar une faible concentratiofhga ZtZ ZvaluZe par une sZrie de
techniques (BX, Raman)Lescalcus thZoriqusab initioont montrZ que IQincorporation efficackigl

dansdessites substitutionelsd@I est due ~ un processus impliquant les lacunes dOazote formant un
complexe IWWy. La formationdOungonction p-n dans les nantsfiAIN a ZtZ ZvaluZe de maniere
concomitante par des expZriences de courant induit par faisceau d'Zlectromse{@Bt@n Zvidence le

champ Zlectrique associZ " la jonction. Une Ztude approfondie de l'activation Zlectrique des impuretZs
acceptricea Zgalement ZtZ rZalisZe par irradiation par faisceau d'Zlectrons des Zchantillons et caractZrisZ:
pardes expZriences EBIC.
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Introduction

The 2% century is one of the most beneficial in terms of technoldgiabpment.
Nowadays, access to high speed internet antétigtievicels becoming increasingly available.
Paradoxically, one third of the global population uses a contaminated drinking water source and
almost one billion ladasyaccess to drinkingater, in an era when access to water and sanitation
was declared a human right by the#ed Nationsseneral Assemb{inited Nations 2010)

Contaminated water is responsible for transmission of a series of diseases such as diarrhea,
cholera, dysentery, hepatitis A. Otherwise preventable and curablecomevcountries these
diseases are still widely spriathis contextit is crucialo improve water treatment techniques
and develop water systems and purifiers.

World Health Organization statistics stress out that by 2025, half of the worldOs population
will be livingn water stressed areas. Increasing water scarcity due to current climate changes and
population growth demasidtrategies such asuse of wastewater. This justifies the need of
intensive research in the water purification domain. Therefore, the develbaimghty efficient
technique is requiréd@/orld HealtfOrganization and UNICEF 2017)

However, water treatment is not an anodyne process. Different groups etalisaage
germs have to be considered, such as viruses, bacteria, fungi, algae and protozoa. An affordable an
widelyused method for water difgation is the use of chemical oxidants such as chlorine or ozone,
due to their capability for deactivating microorganismsO DNA (for planktonioBaistesiaal.
1997) and oxidation (micro pollutants elimination, taste and odor control). Unwanted side effects
can be induced during this water treatment, by reaction with water matrix capdlimiants,
leading to unwanted byprodu@@ancho et al. 2000QYloreover, some microorganisms from
contaminated water are resistant to a series of chemical oxidants. Therefore, in industrial
applications, higbower mercury, deuterium or Xenon lamps are nowadays used, iDQA be
highly sensitive to Ukadiation.

Ultraviolet light and genetic material

The ultraviolet (UV) light is a band of the electromagnetic spétitrsirated irFigure
1) with wavelength ranging from 10 nm to 400 nm. The U\fapextge can be divided in 4
corresponding regions depending on the wavelength: the A#¢dtom 10 t0200 nm, UVC
from 200 to 280 nm, UNB from 280 to 315 nm and LA/from 315 to 400 nm. The spectral range
comprised between 200 and 300 nm will beefuréferred to as deep ultraviolet or DUV range.
Genetic material, more precisely deoxyribonucleic acid (DNA) has an absorption spectrum in the
UV-C range. The maximum of the absorption spectrum of nucleiocGgpicbtein varidsetween
255 and 265 nifiHeld 2001; Charak et al. 204s3hown inFigurelb.
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Figurd. a) Electromagsgectrum vagecific rangesQfdnge is represented-im zieanwith DNA
and protein specific absorbanb§ ggentzedsorbance spectra of DNA and phoisthation of the
DNA strand and dimerization of thymine basesadasrisdtess.

The genetic genome of a DNA is formed from a unique sequence of combined bases
amongst adenine, guanine, thymine and cytosine. DNA thymine bases are sensitive to UV
radiation When exposed to UNght, bonds between thymine and adenine break and thymine
bases are dimerizing and binding togéthechanism illustratedkigurelc). When exposed to
UV-C light, radiations exert adverse effects on the DNA genome stability. This mechanism affects
the DNA strand ability to replicatedea to apoptosis (or programmed cell death), if repairing
mechanisms are not efficient enough to counteract the lesions. For this reason, the UV light is
known as germicidal beyond a certain dose after which the damage is considered Tineversible.
medanism is responsible for deactivation of genetic material of microorganisms from water and
air exposed to a specific radiation wavelength rendering them l{Rastegs et al. 2010)he
closer the light emitting device to 265 nm wavelength, the better the deactivation efficiency.

The degree of inactivation of the DNA by UV radiation depends on the Uadhddbe
reduction of microorganisms in water is defined by using a deactivation degree logarithmic scale.
Thus, the deactivation percent corresponding to one log reduction or deactivation of
microorganisms is 90%, two log reduction is 99% and so ordemt@rhave a stable and
permanent deactivatioftjog reduction corresponding to 99,99% is ne@tiedk-Keung and
LeChevallier 201,3se the genetic material is abletonstruct the broken bonds and thus lead
to an ineffective process. Studies have been carried out on different types of microorganisms and
a summary of typical UV fluences required-kog hactivation of some of them is givehahle
1 (Chevrefils et al. 2008)fter a4-log deactivation, germicidal action of-O\ight is lethal for
microorganisms, furnishing a raremical water and food disinfection as well as medical
sanitization metho(Rastogi et al. 2010) canbe seen that for aldg reduction of combined
microorganisms, a UV fluence higher than 165 rhi¥caquired.
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: : UV Dose (Fluence) (mJ/cn?)
Microorganism 3-Log reduction 4-L.og reduction

Bacillus subffligusjSommer et al. 1999) 60 81
Adenovirus (vird¢)ompson et al. 2003) 122 165
Escherichia coli (ba¢®tagt al. 2005) 9 10
Salmonella typhimurium (bédizyaa) al. 2003) 22 50
Cryptosporidium parvum (prdtolaraey et al. 200( 6 16
Giardia muris (protoZ@atdsevic et al. 2001 25 60

Tabld. Microorganisms deactivation dose summary

Another important application of UV light is phototherapy for psoriasis disease cure. A
narrowband of the U spectra, centered at around 310 nm, was found to lead to apoptosis of a
varietyof relevant cells in psoriasis such-lgsriphocytes from epidermis and dermis of psoriasis
lesiondOzawa et al. 19980d keratinocytéKrueger et al. 1995)

Mercury lamps and regulations

Even if other methods such as chlorine disinfection are equally effectiveratiatidvi
process has been found to be extremely efficient with protozoa oocysts &dgneysest al.
2006) whereas other techniques are not effective in their elimination.

Current water purification techniques mostly use germicidal ultraviolet lamps produced by
using shorwavelength loypressure mercury vapor tubes that emit at the resonance line of 253.7
nm. Even if this is a widely spread, efficient way of purifying water, mesedryfor
manufacturing lampis also a very toxic element that presents a gkgele effects on human
health and environment. This chemical element is widely used in a broad range of everyday products
andisreleased to the atmosphere, soil and water from different sources. While using it as a tool for
water purification, it beoees extremely polluting for the environment once it becomes a waste.

Besides the toxic character of mercury, theqaésaure lamps have an efficiency of 30%,
demandhga high operatgvoltage of 100 to 400 V and have fiomctioninglifetime of between
2,000 up to 1000 h with a high warap period required to reach full light output.

Therefore, the use of these devices and of all mbasg&y components will be forbidden
starting with 2020, following the Minamata Convention on Mercury treaty gigmedUbites
Nations and in place since August ZQhited Nations 2017 fifteen years, the extraction of
mercury from mercury mines will phaseand a need for ecologicaftyendly and more
economically competitive alternative urges

Sustainable development issues require low energy-andtloeamponents and devices
that deliver higiperformances and higlower efficiency. Research centers are investigating the
actual need of replacing polluting materials wittiriendly or less polluting and recyclable
alternatives, as well as miniaturization of components aoelsdexthout compromising on
efficiency.
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Al,Ga.xN based LEDs as an alternative solution

An efficient solution for satisfying the actual demands would be the production of high
efficiency light emitting devices (LED) in the®J¥nd UVC range by using datbandgap
semiconductarallowing for aefficientlightemission. One option for such devices is the use of
the semiconductor alloy,&k..N!'that allows for emission wavelength modulation as a function
of aluminum compositiolidebandgapsemiconduors with a direct bargap such as GaN and
AIN present the advantage of allowing the tuning of the emission in a wide wavelength range.
Indeed Al,Ga.xN material is of high interest in the research community and great progress has
beenmadein the pastaars as far as light output power and device efficiency is concerned. The
study of its properties is of main importancéhis project.

State of the art of AlGa.xN based UV-LEDs

2D Al,Ga.,N based DUV LEDs

Development oAlLGaN based DUV devices aimdprovementn efficiencyarehighly
interesting domasrfor industrial research. Industry groups including RIKEN, Nichia, Nikkiso
LG, Philips or Panasonic have been publishing innovative advances that allow incvealking the
plug efficiency (WPE) arekternal quantum efficiendyQE) of devicesProfessor Michael
Kneissl fromTechnisch&niversitSBerlin is summarizing the EQE in DUV LEDs obtained by
various research gratproughout the worlds a function of the emission wavelength.

Figur@. External Quantum EfficiencyGaf.Al based DUV LEDs as a function of emission wavelength
as obtained by different research groups. Summary done by Professor Micha@dréamessstfrom TU E
al. 2019)

10
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The up to date evolution is showrFigure2 (Kneissl et al. 2019)he most important
milestone that led to significant efficiency improvement will be fulideerssed

Overall, GaN based LEDs show an efficiency as high as 90% for emission wavelengths
going from 365 to 400 nm. The discoveries made on GaN blue LEDs have led to Nobel prize
accordedo three Japanese researchers in 2014: Professor Isamu Akasaki and Professor Hiroshi
Amano from Nagoya University and Professor Shuji Nakamura from Nichia Corporation research
center. One of the main difficulties while working with GaN mai@mafrom the difficult p
type doping. Their combined research and discoveriesawpg activation by electron beam
irradiation in 198mano et al. 1989; Isamu Akasaki et al. 4881y thermal annealing in 1992
(Nakamura et al. 1992igve led to highly efficient doping in light emitting devices and to the
further development ofie LEDs used nowadays

The milestone dhedifficulty indoping of 1IN materials overpassed, between 1996 and
2001research has started orGal..N-based UV LEDs with wavelengths below 36QH8an et
al. 1998; Kinoshita et al. 2000; Nishida et al.. 208Brtheless, 20 years later, the external
guantum efficiency (EQBf Al\Ga.xN LEDs is still too low in the 28%5 nm wavelength range
to answer the demands for replacing mercury lamps.

An ALGa.N based LED emitting at 280 nm was reported by a group from University of
South Carolina in 20Q8un et al. 2004jirst emitting AIN LED done by Tanyiasu et al from
Nippon Telephone and Telegraph Corporation (NTT) was published in 2006 irf Téatiyeesu
et al. 2006)The 2D LED was made by using a sirpplginction AIN material and showed
emission at 210 nm. The low carrier concentratiofypiepAIN was the limiting factor of the
efficiency of the diodelue toa high activation energy Mg acceptorsNonetheless, the low
emission wavelengtt the device presented in the paparpassed an important limitemh
working with AIN

The first commercially available LED was developed by Sensor Electtorotoggaen
2012. The devices showed emission with wavelengths ranging from 240 to 360 nm and a maximum
EQE at 273 nm of 11¥&hatalov et al. 2010, 2012; Mitkesvet al. 2012, 2013; Moe et al. 2012)
The internal quantum efficienclQE) was improved by growing low density of threading
dislocations AGa.N layers on -plane sapphire by metaganic chemical vapor deposition
(MOCVD) as well as UV transparentype cladding and contact layers and frontside reflecting
ohmic contact.

A record 20.3% for an,&axN LED emitting at 275 nm has been presented by Hirayama
etal from RIKEN/Panasonic grgu The work was later published in 20dBkano et al. 2017)
The deviceOs structure was improved by crystal growth techniques kmitingading
dislocations in 2D AIN grown on a patterned sapphire substrate, allowing an optimized internal
reflection of light. The issues caused by low dopingsa.A material were suppressed by using
a stack of multiple quantum wé(dV) andanelectron blocking layéEBL) to confine carriers
in the QW region, while increasing the electron injection effi&€ey The U\tabsorbing top

11
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contact electrode normally done Hype doped GaN was replaced by a transpafdi®a-N
contact layefHirayama et al. 2014)pstead of a Ni/Au top metal electrode, a highly reflective
photonic crystals contact layer improved the light extractisderably

Nichia Corporatiotaunched in April 2019 their first commercaaibilable UNC LED
emitting at 280 nm in a packaging able to resist significantly harsh environmental conditions
(Nichia 2019)Nikkiso and Meiju University have also improved the efficiency of {Gair Al
based LEDOs by introducing a@¥esisting resin that encapsulates the device. Their emission
wavelengtihangsbetween 250 to 280 nmith EQESs higher than 10@eernot et al. 2010; Inazu
et al. 2011; Yamada et al. 2014)

Diodes grown directly on AIN substrates theoretically yield higher efficiencies than that
grown on a foreign substrate such as sappl8re@nystal IS is an American enterprise providing
single crystal AIN substrates and have developed LED devices with high lifetime and high light
output in the 25@80 nm range, that also present improved thermal perfol(@amoegusky et
al. 2011, 2013)

2D LEDs vs NW LEDs

One promising way in igg further with optimization of devices is the use of
nanostructures. Nastoucturizationof materialeasesome of the issues when dealing with
AlLGaN material, nanowires (NW) occupying an important place in research. Light extraction
efficiency(LEE) is considerably improved by the use of nanowires. The firsh239-LED
based on semiconductor nanowivas demonstrated 2013 by a research group at Ohio State
University and University of lllinois in Chicé@arneval et al. 2013)The team usearadio
frequency Molecular Beam Epit@MBE) growthon ptype Si substrater device fabrication
The use of tesenanostructureallonedthe compositional variation of®@&.N in a wide range
without the formation ofdislocations from strain relaxation, using the polarization induced
nanowire light emitting diodes (PINLEDSs). They used the polarization contrast of chemical bonds
of differing Al content AGa.N to reduce the need fortgpe doping.

Ultrarllow thresholdelectrically injected .&a.xN nanowire ultraviolet lasers on Si
operating at low temperature as well as the controlled coalesce®.&f Ahnowires during
growth to reduce dislocatigpasd to considerably improve the efficiency&faAN LEDs were
reported by researchers at McGill University in Cénaetaal. 2015; Le et al. 2016)

As far as NW industry is concerned, no majayress was done in the field of DUV
LEDs. CryoNano™ is a company based in Trondheim, Norway, founded in 2015, that specializes
in nanostructures grown on graphene substrates. However, the LEDs developedrsd far do
exhibit performances in the sg@&b nm ange(H¢ iaas et al. 2019)ore recently, NS Nanotech
company was founded in 2019 by Prof. Mi, and aims at developing light emitting devices covering
the entire electromagnetic spectrum, including DUV for water purification and mediaabsani
(NS Nanotech 201%owever, no NW based UV LED product was yet commercialized.

12
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Path towards improvement of efficiency

Currently, lie efficiency ofAl,GaxN DUV LEDs is still very low comparedttwat of
standaramercury lamps. The path towards improvement of efficiency is assiduous and innovative
ideas have allowed the constant increase of effiSalhdhe low devices performaneelue to
mainly three limiting factors:

1%L ow hole concentration intppeAl,Ga.xN causd by dow carrier injection efficiency (EIE);

2%Unsuited metal contact layer and light absorptiorGaNdop contact layer, decreasing the
LEE of devices;

3%Low intermal quantum efficienchQE) due tounsuitablsubstrate and threading dislocations
decreasing the recombination efficiency inside the devices.

Figure. lllustration of the structure of a complete DUV LED deviceissilbassmeatack to each
cladding (adaptedléfiess| et al. 201.9)

Figure3illustrates the basic structure of aGa.\N based UV LEDEven if some of
the above limitations can tere easilpverpassed, research is needed to impoowe of the
issuesegardinghe carrer concentration in high Al content@d.«N structuresas well aghe
metallidop-contacts

The aim ofmy PhDwasto understand and ansveermequestions related fahysical
conceptsof nanowirebased UM_.EDs. The research | have done during this Phi2ecns
AlLGaxN NWs, exploring the whole range of Al content (from x=0 in the case of GaN NWs to
x=1 in the case of AIN NWdyly PhD is mainly focused in solving one of the most important
problems when dealing wit,Ga.xN material: the biggest chalkeng the control and
characterization of doping in AIN material for further develppjumgctions for LEDsFollowing
guestionsverestill not answeredt the beginning of this project:

13
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0%ls theNW doping a specific mechanism?

0%How can e incorporate acdeps inAl.Ga.xN and moreover, how can we activate
thent?

0%How can we measure the activation and doping level?
0%What are th&ransportmechanisms in high Al content and AtNictures?

0%What other solutions would allow one to improve the metallic contdats\for
LEDs?

Organization of the manuscript

Therefore, the manuscript will be divided in four chapters, organized as follows:

Chapter 1starts with g@reserdation ofthe stateof-the-art background and concejts
[l -N materialsregarding structural, opticand electronic properties necessary for the
understanding of future resulthe physics behindoastructure will be developed further, with
a special focus on recombination mechanisms.

Chapter 2presents the methods and experimental details thadallevdevelopment
and characterization AfGa.xN UV LEDs. The epitaxial growth technidpyemolecular beam
epitaxy with the growth mechanisms and sample growth process will be described in the first part
of this second chapter. Furtheraracterizatiotechniques such as Scanning Electron Microscopy
(SEM)will be detailed. A full description of experimentalpsédr electrical characterizatid¥, (
different configurations falectrorbeam induced curreBBIC setup) will be given, together
with theoretical concepheeded for data modelling.

Chapter 3is focused on GaN nanowires. In particular, we are interested in optimization
of p-type doping as well as on explaining the incorporation mechanisms in namihes.
interesting part of the studpncerns vacancies formation as a function of doping in GaN
nanowires. Finally, electrical characterization and EBIC experiments on GeijuhidNbns
have helped us conclude on thpartance of studying-gsownnanowires.

Chapter 4can be divided imb parts: first part is dedicated to the studyGla.xN NW
compositional fluctuations and on the studpl@da.N pnjunctions by EBICral electrical
characterizatiorthe second part deals with the study of AIN nanowires. Ftgpe ploping
achievedby In-Mg cedoping mechanisms, to Apwjunctions, we have improved the feasibility
of AIN based LEDs. Irradiation has shown an important effect on Mg activatiorpm the
junctions. Electrical transport properties were studigetail and transport@ohanisms were
defined in the samples

The ultimate aim of my PhD projésto gather the knowledge in terms of physical and
electrical phenomenaMfGa.xN nanowire junctions grown by using ME technique. This
research has beerainlyfunded by tbe French National Research Agency ABRE240006

14
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04, EMOUVAN projectMost of the research was done at the Atomic Energy and Alternative
Energies Gommission (CEA), but also at the National Cent&dentifilResearcfCNRS-Neel
Institutein GrenobleFrance.

Concerning my contribution to the project, my work was divided between the two
laboratoiesl was a part of

At CEA Grenoble, | was in charge of the growth of the samples by Molecular Beam Epitaxy
(MBE), as well as of the structural charactenzayi Scanning Electron Microscopy (SEM) and
preparation of the samples (identification of the region of interest for different studies, dispersion,
annealing, etcE) under the supervision of my PhD dir&€stoBruno Daudin. Regarding the
organization ofhe project, | was in charge of the collaborations by defining the various
complementary studies, integzdetith the different collaborators anglthered anparticipated
at the interpretation of results.

The work at CNRS Grenoble was centered aroureldtigical characterization of the
samples: from clean room processing of the sa(efdesodes conceptiometaland ITO
sputtering annealing) tbvV experiments. Electron Beam Induced Current (EBIC) is one of the
major technigues | have usedi@studyof the electrical properties of®@&.xN materials, under
the supervision of my PhD-doectorProf. Julien Pernot.

A big part of the manuscript is dedicated to the doping and study of electrical properties,
since my PhD was focused on the gromthagrimization of structures for future DUV LED
devicesAnswering a part of these questions would not be have been possible without the
numerous collaborations | have had during these three years

Y% Cathodoluminescence experiments have been performedsmwZBolZ Jacopin
at CNR&Neel Institutein Grenoble;

¥% Energy Dispersive-Ray (EDX)JTEM correlated experiments havenbéene by
Dr. Eric Robin at CEAINAC in Grenaoble;

¥% Raman Spectroscopy experiments pegfermedy Dr. Ana Cros and Dr. Nuria
GarroattheMaterialsSciencénstituteat Universityof Valencian Spain

¥% Theoreticabnd akinitio calculationsvere done by Dr. Damien Caliste and Dr.
Pascal Pochet at CEA Grenoble;

¥% Atom Probe Tomography experiments were done during the PhD of Lynda Amichi
andunder the supervision of Dr. Catherine Bougerol and Dr. Adeline Grenier at
CEA Grenaoble.

¥% Positron annihilation experiments were performed by Prof. Akira UEDONO from
the University of Tsukuba, Japan.

15
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Qf you caréplain it simply, you donOt understanddgell



1! Nitrides for light emission:
background and concepts

After introduangthe motivations for replacing mercury lamps l&aAN based LEDs,
we will focus in this chapter on describing thacpkat properties of this direlstnd gap
semiconductathat make it an outstanding candidate for DUV LEDs development.

Il -N material

[l -V materials definen alloy formed bathird (11 A) column element (B, Al, In, Ga) and
afifth (VA) column elemer(iN, P, As)seeFigured). BN, AIN, GaN and InN are the four main
[l -N materials exhibiting outstanding optoelectronic properties, which make them suitable for
integrating different semiconductor application domains. AIN, GaMMmdaterials exhibit
similar propertieand are considered as Ostandard nitrideet@as BN material exhibits very
peculiar opteelectronic and structural properties and will not be concerned in the following.

Figurd. Peridd table of elenesidencingdhand 8column elemfentsing the-Wil materials category
(adapted fr@delmenstine 2D16)

17
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Figur®. Band gamergl¢J variatioof the technologically impevténadil materialgth respect to the
lattice parametepléine lattice patamin the caseudfitaitrides)magéom referdgi@sro Bayo 2013)

The emission wavelength and band gagye(&) dependence on lattice parameters for
group -V semiconductor materiassillustrated irFigure5 (Caro Bayo 2013)he standard
nitrideswe are interestednaveabard gapatroomtemperaturequal t®.78eV (near IR) for InN,
351eV (near UV) for GaN an@.5 eV (extreme UV) for AINWe will be mostly focusing on the
properties bAIN and GaN binary alloys for DU&mission, lifGaxN beingan ideal candidate
for visible light emissioiherefore, e interest for DUV LEB based owidedirectbandgap
semiconductercomes from the possibility toining of the emission in a widevelangth range
from 200 to 365 nm, with bothtype and Aype conductivities in the UV range.

Hence, n orderto coverthe entire spectraange,intermediatdernaryalloyssuchas
AlGa.N, where x is the Al fractioate synthesized by combiningabmalloys. Generally, the
band ganergy of an .8.xN alloy for a given composition is giverihgyempiricakquations
determined from Vegardéys

n Bl (0 x s J01 428 1401 +24 (1)

Whereb is the bowingoefficient that corrects the simliear relatiomvolvingthe A
and B spaes. ForAliGa.N, this empiricalparameter is ranging betwee®.53 eV and 1.3 eV
(Angerer et al. 1997; Ochalski et al. 1999; Jiang et al. 2000; Yun et al. 2002; Dridi, et al. 2003)
depending on the impty concentration or Al composition in the studied teatiagy

UV LEDs show various advantages with respect to UV mercury, deuterium or Xenon lamps
used nowadays. First, a device size of docid replace the heavy devibasusenercury tubes
of more than 1 m of lengthwithout the use of toxic elements and having a singlenpisalon

18



Chapter 1. Nitrides for light emission: Background and concepts

with customizable wavelength as a function of their composition. Moh@aeexN is of high
interest in the research community due to the large litdtiglectical devicesnd physical
hardness. The targeted lifetime of UV LEDs is expected to be of the orded®@hadrs, 10
times higher than that of UV lamps, withwarmup time, allowing to reduce the total costs of
devices thanks to savings on powerlg@ql packaging costs. On the other hand, the small spot
sizes of the surfaces to be illuminated is a disadvantage with respect to large mgi€neydsimps
and Rass 2016; Kneissl et al. 2019)

Figuré. Light output power cf B applications baséd.@a N classified with respect to the emission
wavelengthdgadaptddon{Kneissl and Rass 2016)

In UV-C range, onef the most important application domains is the sterilization of food
and medical equipment as well as the water purification, as described previously. At the higher
wavelength of 300 nm,&k.N is used for plartghting in agricultureas well as famedical
purposes such as for tddring of psoriasis and vitiligo disease. Besides LEDs, more general uses
of Il -N materials in the optoelectronic field include lasers for applications such as EXgip Blue
readersHigure6). Amongt the general application ofnitrides we can also mention high power
and high frequency electronics such as Heterostructure Field Effect Transistors (HFET) or High
Electron Mobility Transistors (HEMT). AIN based devices ardars8drface Acoustic 8\Ve
(SAW) devices, signal treatment or for touchscreens in mobile applications because of their
piezoelectric properti@sneissl and Rass 2Q016)
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INanowires

The requirement for improved efficiency of actual devices could benefit from the use of
nanowire heterostructures. Semiconducting nanowires-dmmensionakanostructures having
a diameter of around 100 nm and a hewgrtdiameter ratio higher than (Rgutti 2015)The
term OnanowireO has been extended to nanostructures exceeding 100 nm diameter, going up to
several micrometers, nevertheless, the term OmicrowireO is more adapted to define this kind of
structureskor structures for whichéhheight over diameter ratio is lower than 10, the common
terms OnanorodO or OnanocolumnO is employed.

Figure. SEM images for GaN naneswntessizadiifferent technigddOCVD(EI Kacimi et al.
2018)) MBE(this work) IOCVD by using selective area grofledetR6d 3J) Strain relaxation
mechanism on the lateral walls of adeptedirgquet et al. 1997)

Different examples of nanowirggnthesizedby differenttechniques are presented in
Figure7a,b and c.The main interest of these nanostructures comes from the high tsurface
volume ratio that favorsurface effect€lastic strairrelaxation during growth considerably
reduces the crystallographic extended defects risingaftiom rhismatch between materials.
Because of the unique boundary conditions, nanowire heterostructures are more effective in
relieving mismatch strain coherently, exhibiting defecinterface@Niquet et al. 1997The
crystal quality in nanostructures is also considerably improved because of the small diameter
allowing strain to be relaxed laterally, whereas inlplara the strain could be relaxed only along
one dimensiofErtekin et al. 2005)

A critical layer thicknebslow which no interfacial dislocation should be introduced was
determined in literature by evaluating the elastic energy stored in¥gstarasva et al. 1997)
Efficientdopant incorporation in nanowires is also worth mentioning as an advantdgagf stu
these nanostructur@sang et al. 2013)ue to the largareaof free surface, which are specific to
NWs, the relaxation of tensile strain induced by the preselogants is observed. This makes
their incorporation easier, while leading to an elastic strain relaxation créttkslibrmation
(Glas 2006)Thus, he solubility limit is expected to increase due to the nanowire relaxed
morphology
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IGeneral background on IIFN material

The properties of IN standard materials are similar regarding crystal structure,
polarization #ects or defects. Therefore, while presenting the state of the art and general
properties, | will be talking mainly aboyGAlN material (from which one understands AIN,
GaN as well as the.Bla.N alloys).

1.3.1Structural properties of IlI-N material
I Crystal structure

Depending on the growth parameters, thélitlide semiconductaras well as their
ternary alloys such AkGa.xN, exhibit three different crystalline arrangements:

Figur®. Crystal structure &f Hateriala)Wurziteb) Zindlende) Rocksalt structure d) Plane staking
in wurzite structejBlane stacking in-ziende structNirogen atoms are represented in green and meta
atoms in blue.

¥o% Wurzite (WZ) or w-phase structurdustrated irFigure8abelongs to the Réic
space group and has an ABAB atomic layer hexagonal stacking pattern, where A
and B refer to different 4qolane positions of the N atoms(Figure8d). Its
primitive unit cell isaenposed of two hexagonal clpseked sub lattices formed
by two metal and two nitrogen atoms. Those sub lattices are shifted one with
respect taheother along the [000diyection(further defined & by a vectoB*
96 with respect to the idedtsture hich can be seen adetrahedron where
each metallic element is bonded to four N atoms ardevgag. This is the main
phase seen in the samples grown during thel PhD.

¥9% Zinc-blende (ZB)cubicor c-phase structure belonging to tldfFspacgroupis
shown inFigure8b. It exhibits an ABCABC pattern showrrigure8e, with the
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C plane rotated by 60; with respect to A, in the [111] direction. The unit cell is
constituted of two face centereblicuattices shifted byg; lin the [111] direction.

This phase is thermodynamically less stable than the wurzite phase. However, it is
possible to obtain it by controlling the growth parameters, for example using a

cubic substrate such asSIC (Okumura et al. 1994, 1997; Wei et al. 2000)
GaAs (Okumura et al. 1991; Lin et al. 1998) by decreasing the growth
temperatureintroducing stacking faults in the wursggmentgDaudin et al.
1998; Hestroffer 2012)

¥% Rock salt (RS$tructuregresented ifrigure8c belongs tex= 9= space group and
the unit cell can be considered as aclEatered cubic structure with secondary

atoms in the octahedral holes. This phase can be synthesized only under extreme

growth conditions that impdyowth at very high pressureompatible with MBE
growth techniqu@Christensen and Gorczyca 1994)

Figur®. Crystgblanes in wurzite lattice structure.

The most common crystallographic structure due to itsatiymarmic stability is wurzite.
The nanowires grown during this work only show this crystallographic stRitfeenent
crystallographic planes of the hexagonal wurzite lattice are represEmect hand the
description is gen in the four indices base notation (h k i I) spexrifiexagonal structuréne
h, k and | indices are the Miller indices whereas the i parameter is def(edag FHsnotation
allows an easy identification of equivalent planes thanks spedmetations.

Thewurzitelattice structure is defined by 2 main parameters, thedehdtk hexagonal
base and the heigluf the latticeas representedfigure8a Table2 givesaandcparametes for
GaN, AIN and InN at room temperature (300K) and atmospheric p(&&sgadtman and Meyer
2003)

Lattice parameters GaN AIN INN
a(?) 3189 3112 3545
c(?) 5185 4.982 5702

Table. Lattice parameters in GaN, AIN and InN materials.
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I Polarity
One particularity of the wurzite crystal structure is the lagktod€ymmetrydue to the
presence of a nigue polar axis collinear tihe 6 axis Hence the @AA® C2and
@AMB/ 1 directionsarenot equivaent (Hellman 1998A convention has been adopted to define the
polarity of the IHN crystalthe positive direction of tigaxis[0001] ighe vector going from the
metallic atom and pointing towakds thedirectiorof themetainitrogerbond ,whichiscollinear
to the Baxisof thewurzitecell.

Figurd Q. a)metgbolar structure amdhidlar structure

Thewurzite wnit cell and the @uivaent drections ae illustrated irigurelQ The growth
usually takes place al@direction, so the nanostructure or layer polarity is defined#mothe
cdirection, defining also the polarityhef crystal.

Metal-polar: a structure is said to be mptahr when its growth daton isg with a Ga
N bond directed towards the surface, oriented from a Ga or Al atom towards an N atom

N-polar: a structure is said to be nitrogetar when its growth directionasvith a Ga
N bond oriented from a N atom towards Ga or Al atom.

The control of polarity is important when working witiNllhanowiressinceoptical,
electrical and morphological propedieslepending on it. There are several ways of establishing
the polarity ofAl\Ga.xN material, such as the widely used chentitehg by KOH X-ray
diffraction (Hestroffer et al. 2011KPFM (Minj et al. 2015pr ConvergentBeam Eledron
Diffraction(Largeau et al. 2012)
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I Polarization

A consequence coming from tiéZ symmetryis the presence & macroscopic
spontaneous polarization called The difference between nitrogerd metahtomswhere N
atomshave a smaller atomic radius and a higfestronegativitthan metal atoms, foman
electrostatic dipole, with negative charges toWanald positive charges towards the m@iate
the-c and c orientations are not equivalent, the charge distribution forms a polarizé&e@n field
along theb-axis Conventionally, thBer vector is oriente(hlong theb axig, from the N atom
toward the metal atom, independent of the crystal polarity.

While applying an external force to-&lthaterial, an additional piezoelectric polarization
(Drc) dependent on the crystal polarity has to be considered. Since N atom is more electronegativ
than metal atoms, crystalsO atomic positions are modified by stress and lead to a different spatia
distribution of the negative and positive charges, inducing a piezoelectric polarization. This
additional polarization is negative on the metal sideosiitvep on the N sidelhe total
polarizatiorDniHin the nanostructure is the sum of the two previous polari8igrsDer Drg
induced by strain into the band structure during growth.

Figurd1l QCSE andavefunctiomhinGa.«N/ GaN active regionayribelectrielcand byvithelectric
field

A direct consequenisthe recovering domain for wave functions for the conduction band
and for valence bang@hislimits the efficient radiative recombination probability of electrons and
holes, decreasitige optical emissiofhephenomenons known as Quantum Confined Stark
Effect (QCSE)Figurellillustratsthewave functionsf a quantum wellnder no electric field
(& andunder the perturbative effect of external electric fielth)( Undesired effects such as
incorporation rate of extra atoms for doping and allgpmif et al. 20149r incorporation of
defectgSchuck et al. 200dgn beequallyobserved

Moreover, due tthe electric fieldhe planes of WZ crystal structure are different in
terms ofcharges depending their orientation with respect to 8ais In consequence, facets
(000) in 1lI-N materialsare callegolar facets, facets (hkil) with I=0 are-polar facetsSem
polar planes are defined (bkil) facetswith anonzero h, k, or i and a nonzémdiller index
(Ramanov et al. 2006)

24



Chapter 1. Nitrides for light emission: Background and concepts

1.3.20pto-electrical properties of IlI-Nitrides
I Electronic transitions and light polarization

Being diredband gajgemiconductay the opteelectrical propertied |1l -N materialsire
determined by the band structure near the Brillmne zenter at the wavevectr &
represented as thepoint. The minima of the conduction band and the maxima of the valence
band are both in thépoint.

Figurd2 Band structure and transitions for a) WZ GAN &kl fadapted fr@dmeiss| and Rass
2016)

Both AIN and GaN hae one unigue conduction band{CH with atomicorbital states.
However, the valence band (VB) presetiiealevel degenera¢guzuki et al. 1995)jirst due
to the asymmetry of the crystal, a partial degeneracy occurs because of the interaction with the
crystallire field (of energyNyp). Secondthe spirorbit interaction determines an additional
degeneracy of the valence b@fé&nerg\\or). The valence band is thus formed by a Hezdgy
band (HH Ks7), a lighthole band (LHK 1) and a gin-off band (CH K 1) represented iRigure
12for GaN andAIN, respectively.

The valence band (VB) is divided.jp, andp. states, depending on the axis of the crystal.
The z direction of the orbital state is defined lbm@xis parallel to theagis of the crystal,
whereas x and y are perpendicular to this directiio each other

There areltree possiblelectronidransitiongesulting from recombination of an electron
excited into the conduction band and aindiee valence bamdming fronmsstates angdstates.
The polarization of lighesuling from these recombinatiotispend on the direction of thp
orbital states. The light resulted from transitions between orbital states parallel to the c direction is
called TM polarizedransverse magnetishereas light coming from recombination between the
conduction band and the holes in therntast valencbandperpendicular to the ¢ direction is
called TE polarizefdransverse electric)
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The three valence sblands are different for AIN and GaN due to the crystal field splitting.
For AIN, the topmost band is the CH, followed by the HH and LH band, whereas for GaN, the
HH is the lowest energy sband, followed by LH and Ci€hen et al. 1996)he transitions in
the two crystals beeen the valence sblnds and the conduction band are thus not equivalent
Since lower band gap energies are more favorable than other transitions, photons give the
maximum luminescence intensity for TM polarized light fofLAR al. 2003while for GaN it
is strongly TE polarizé@€hen et al. 1996)

A direct consequenogthe different light polarizations is that wivenking with an alloy
the choice of structure of a LED device should be adaptad optimizedight extractionThe
degree of polarization of light emitted fribraternary AlGa.N alloy is directly l&ted to the
compositionCoughlan edl. 2015)Depending on the AIN content, light emitted from a 2D UV
LED structure grown along theagis can switch from TE polarized to TM polarized, which is an
important factor for light extraction from the struc{iireeissl and Rass 2016)

Therefore,ight loss is one of the major factors limiting the defficeeng. Depending
on the design of the structures, light will be partially reabsorbed in the device, another difficulty
arisng from extraction efficiency. The AIN material case is even more challenging, since the TM
polarized light i the plane othe structure, favoring extraction through the sides. During this
process, the light is partially reflected afatbserbed in the structure, resulting in poor device
performance.

Figurd3 Light emission from a a)2D AIN L&D)adWbased AIN LE@Zhao et al. 2015c¢)

Figurel3illustrates the TM polarized light emission coming from a 2D AIN LED and that
coming from a NW based AIN LE(Zhao et al. 2015d)Vhile dealing with nanostructures, this
inconvenieceis no more a challenge, since kgittaction is eased in all directions of the device.

The strong light scattering effect in nanowires leads to an enhanced surface emission for TM
polarized light. Once again, the NW morphology is one of the strengths of these nanostructures
for UV LEDs

The temperature of tmeaterial influences the value of the gap either through the thermal
expansion coefficient of the crystal lattice or from the interaction between the electrons and the
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acoustic and optical phonosispwinghe occupation of these phaonlevels.

The values of band structure parameters for GaN, InN and AIN are summaiddzel in
3 (Vurgaftman and May2003)

GaN AIN InN
N\ 2 3.5.0 625 0.78
Nso/[\ 2 17 19 5
N. /D 2 10 -169 40

Table. Band structure parameters for GaN, AIN and InN

The decrease in the gap energy with temperature of the orderrmkeVi®@elatedd the
electroaphonon couplingaccording to th¥arshini mode] Levinshtein, Rumyantsev, and Shur
2001)by the relationship below:

Y

@

"plU2e L AV21 1

With Wandz VarshniOs thermal coefficients givEalite4 (Vurgdtman and Meyer 2003)

GaN AIN INN
| /ab od©f2 0.909 1.799 0.245
"/d2 830 1462 624

Tablel Varshini thermal coefficients for GaN, AIN and InN
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I Doping of AlyGa.xN material

Besides the three electronic transitions defined above, the-bl@defpans mayinteract
with structural defects andn-ionized impurities in the N material, bounding to the latter.
These impurities have a different electronic configuration than the intrinsic nitride material,
introducing additionanergy levels in thend gaplubstitutional impurities and pohdiefect
associated levels can be either close to the conduction band, in which case the impurities behave
like donors, or to the valence barehavings acceptors. Depending on the position ibahd
gap these levels are defined as OshallowO if they are close to either the valence or the conductior
band, or OdeeffGhey are located around the middle obtred gap

Physical and electrical propertiesemhiconductomaterials are highly influenced by the
presence of defects, intentionally or unintentionally created. Defects such as stacking faults,
dislocations or point defects are introduced during growth in the material, when growth conditions
are not optimized. In LEDs, such defects are mainly rddpdiosipoor performances of the
devices, since they are madiative recombination centers trapping carriers before recombination
(Sugahara et al. 1998)

The main point defects are native defects, impurities, and complexes with the size
comparable tthe nearesatomicdistanceln Il -N materialsthe mostimportantonesaregroup
Il impurities(Zn andMg),aswellas C, Si, H, O, Be, Mn, Q®eshchikov and Morkoe 2005)
Native defects affect the electrical and optical properties of semiconductor@dbgingtr
numerous energy levels in the gap. Usually, this type of impurities is a resstibichranetric
growth or annealing, being formed as compensation sources when dopants are introduced.
Vacancies, interstitials and-aiés are isolated natilefects, their interaction forming a complex.
Their probability of appearing highly depends on their formation energies. Defects with high
formation energies such as-seé#rstitials and ardites are unlikely to occur in GaN during
growth, however at&on irradiation or ion implantatiazan highly increase their creation
probability Also, Ga vacancies generally occutypeAl.Ga..N wherea®l vacancieare more
likelyin ptypeAlGa.N (Neugebauer and Van de Walle 1999)

Depending on their electronic configuration and whether they have more or less electrons
than thespecieformingthecrystalimpuritiesn Il -N seniconductorgareconsideredsshallow
donorsor acceptors. Complexes between native defects and impurities introduced unintentionally
are usually the dominant type of defects 4N hhateriad (Mattila and Nieminen 1997; Van de
Wale 1997; Van de Walle and Neugebauer.2004)

Physical properties s€émiconductomaterials such as conductivity, band gap energy or
charge carriers are mainly governed by doping. Tuning the electrical conductivity and elaboration
of junction devices is@dred by the intermediateddping Il1-N materials are intrinsically n
type doped, unintentionatype conductivity (doping) indk.«N being due to the incorporation
of nitrogen vacancies or oxygen impurities during growth, highlyegdeperide gowth method.
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1.3.2.2.1.n-type doping

To obtain rtype doping ofl,Ga.xN material, elements from the fourth or sixth column
elements of the periodic table are used. C, Si, and Gé&asifes(Figureld) and sixth column
elements suds O, S, and Se on tesites are considered as shallow donors inRBedchikov
and Morkoe 2005However, in order to become an electrically active donor of the matarial unde
consideration and participate to conduction mechanisms, the charge carriers have to be ionized
requiring an ionizaticenergyE..

Figurd4 Si atom in substitutional metall&lgga N crystal lattexed Fermi lewediponlose to the
conduction biamdh #tiype doped material

Various studies have determined the ionization energies of impurities for GaN wurzite
(Reshchikov and Morkoe 200%he donor ionization energies in wurtzite GaN are 34.0, 30.8, and
31.1 meV for C, Si, and Ge on the Ga site, and 32.4, 29.5, and 29.5 meV for O, S, and Se on the
N sites(\Wang and Chen 2000)

In AIN, the same donorggsent much higher ionization energy. Si is a native donor of
AIN with an ionization energy as higl2&ameV (Taniyasu et al. 200€) in Al site ionization
energy isf 200meV (Lyons et al. 2014p Il -N materials, the metal vacancy is the main defect,
substitution of metal atoms from the-Mllattice by fourth column elements being easier than
that of nitrogen atoms. The two main candidatestfgrenconductivity are Si a8d.The use of
Ge as a1type dopant of GaN material increased duringaghe/eargNakamura et al. 1992a;
Dadgar et al. 2011; Fatet al. 2012; Hille et al. 2014; Beeler et al. 2014; Ajay et &lo2@l/eéY,
in AlkGa.xN materials, clustering of Ge dopants for Al content higher than 0.4 together with a low
donor activation has been obserfgdy 2018)Even though Si and Ge present relatively close
activation energies, the small radius of Si as well asathavgilability makes it the dominant
candidate for AIN and GaN materi&sce n AIN material the Si activatienergy is higher than
in GaN thedoping activatiors expected to be more challenginidy, formation of localized deep
states (Bremser et al. 1998) consequenceén Al,Ga..N alloys, the Si donor ionizatienergy
increases from 3@eVto 282meV, depending on the Al conteiricrease in Al composition is
also accompanied by the increashe density of defects with energy levels deeper than Si.
Combined action of the two above effects leads tatierchallenging-type doping of AIN
material.
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1.3.2.2.2 p-type doping

The main gype doping agents in&b.N are shallow acceptors from second column
such as Be, Mg, Zn, Cd, Hg for Ga sites and group four elements C, Si, Ge, Stesor N
(Reshchikov and Morkoe 200%he ionization energy of Be on Ga sites of 187 meV is the smallest
among these likely acceptors, followed closely by Mg on Ga sites (@24mg¥ihd Chen 2000)
Even if, from an energy point of view, conditions are in favor of using Be as a dopant, its small
atomic radius favors its incorporation on the interstitial site, acting as a doulj&talopdiret
al. 1999; Van de Walle et al. 2001)

Figurd5 Mg atom in substitutional metallid $h&.N crystal lattaoed Fermi level position close to the
valence band feypepdopedterial

The formation energies of acceptors suchyaan8i G are relatively high, so that
formation of these acceptors is unlikely in GaN under equilibrium conditions, whereas the
formation energy of C on N sites could be sufficiently low-iitiGeonditions, leaving Mas
the best candidate for GaNype dopindillustrated irFigurel5. Group | impurities such as
Kea Nasa, and Léa. have high formatioand ionization energies, making them unsuitable for p
type dopindNeugebauer and Van de Walle 1999)

Regarding wurzite AINT, on N site acceptor level is found at 400 meV, whereas Mg on Al
site is the best candidate faype conductivitfFrancis and Worrell 1976he ionization energy
of Mg acceptor inpype AlGa.«N increases with the concentration of Al, impacting theRDv/
efficiency due to a low conductivity of-8gped pAlGa..N. For Mgdoped AIN layers, the
accetor level has been determined toffl0 meV above the valence band edidee work of
Nam et a[Nam et al. 2003and of630 meV in the work of Taniyasu €fahiyasu et al. 2006)

In AliGa.xN materials, acceptors requirerg iiggh activation energy, much higher than
the thermal energy at room temperature. Therefore;dopéd bulk AGa.«N layers only a small
fraction aroundl% (Ploog et al. 20Q®@f the Mg acceptors are ionized at room temperathee.
device propertied Al,Ga.xN deep ultraviolet (DUV) LEDs strongly depend on the properties of
the pALGa.N.
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1.3.2.2.3.Complexes

Hydrogen related complexes are commonly observed while synthesizing semiconductor
materials in various growth techniques, in particular MOVPE. HaWwevesidual hydrogen in
the MBE chamber is also respondilrié¢he formationof complexesn GaN andAIN material
(Contreras et al. 2017)

Figurd6 Mgpassivated Ity @om duedomplearfnation Al,GaxN crystal lattice

The formation energies of the hydrogenated defects are often relagvehalothat of
other complexe@lustration of a Mg complex is givenn Figurel6). The complexes are either
associated tGavacancies or related to the Mg dominant acceptoype pNGa.xN. In the first
case, complexes cannot dissociate during post growth thermal annealingfltbealzssgeo
associated binding energies, whereas e dognplex dissociates, and H diffuses either to the
surface or to the extended defects. The electrically netitdatdmgplex has a binding energy of
0.7 eV, with the Hitom located in an antibondisite behind the N neighbor of the acceptor
(Reshchikov and Morkoe 2005)

Acceptors activation is a crucial step in obtairiyygepdoping of IHnitrides. First proof
of p-typeconductivity in GaN material was publighyedmano, Akasaki et al in 198&haro et
al. 1989; Isamu Akasaki et al. 19919 Mg activation was achieved by low energy electron beam
irradiation (LEEBI) anavasfurther confirmedn the work of Nakamura et(@&akamura et al.
1992b)oy thermal annealing, a much easier metimoealing of gype GaN is donander N
atmosphereat temperaturedove/00;C, allowing the Mg complex bondbreakng For AIN,
the activation mechanisms were not very well studied in the litdfautleree researchers
(Hiroshi Amano, Isamu Akasaki and Shuji Nakamura) were distinguished in 2014 with the Nobel
prize for phgics for their major discoveniegarding ftype dopant activatiomthe field of visible
LEDs. Mg efficient incorporation and acceptor activation in AIN NWs will be discussed in Chapter
4 of this manuscript.
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I Optical transitions

Different transitions ateking place in a semiconductor material once excited with a beam
of photons or electrons. The incident particle having an energy higher than the band gap, transfers
it to electrons from the valence barditinghem to higher energy levels in the cammluband,
creating a holmsteadDifferent types ofrecombinatiorarepossible aftethermalizingeither
radiativeor non-radiative

Figurd7. Optical radiative transitions in a nitride semiconductor material.
The main optial transitions taking place in the nitrides are illustré&tiedinal7.

¥ NBE - near band edge transitioncorresponding to the direct recombination of
an electron from the conduction band with a hole from the valence bandyof ener

|Jh U

i

n % n

3

With " 34 the near band edge transition enefgthe temperature (K) anlj, the
Boltzmann constant (1.380649%JK™).

Y% EX - free exciton transition: After thermalizing to lower energy levels m th
valence band, the electron loses energy by phonon emission and interacts with a
hole bycoulombianinteraction to form a new quasiparticle called exciton, with a
binding energy & The exciton is delocalized within the material diffusing until
recombinaon, for which the energy is given by:

ket el T 4)
With " the free exciton enerdy, the gap energy,, the exciton binding energy.

¥% A% and D% - free to bound transitions correspond to a neutral acceptor or
donor recombining to a free opposhargeof transtion energy:

JnU

$Imlp!* "#1"$m!. |_ (5)
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With " ¢1 11 o1 the free to bound transition enetgy the ionizatiorenergy of acceptors
or donors respectively.

DjX and AjX - Donor and acceptor excitortransition: formed by linking to impurities
introduced in the material in order to form complexes and minimize the energy of thié system.
thelevelintroducedn thebandgapof themateriaisclosetto theconduction band then it is called
a donor DjX whereasitfis closer to the valence band it is an acceptor AjX. Their emission energy
can be determinéy:

“olrntrr T Tl Mgl T ©)
n

With " 1,1, the donor/acceptor to exciton transition energy“anthe localization
energy of exciton on the impurity.

DAP - Donor-acceptor pair transitions: correspond to the recoimiation between a
neutral donor and a neutral acceptor by wave function recovering, with amreissigy
dependingn their bndingenergiesnd on the distandetween the donor and acceptor by the
coulombianinteraction

tY

7

||q$s!* ll#lllq!lll$!. UVWX

With " 4¢s 1 the donoracceptor transition eneygy the elementarglectric charge
(1.602 10*°C),x the distancketwen the donor and the acceptaj,(vthe dielectric permittivity
of the materialW(* ww wheew, * 8.854 10**F.n1* is the dielectric permittivity wécuun

Deep level transitionsradiative transitions with deep levels introduced by the impurities
in the band gapof the material, usually assigned to complexes of defects and impurities or
atributed to complexes formed with vacancies.

Luminescence is used to detect and characterize pointatefestescking faujtas well
as various material properties such as crystalline quality, purity or chemical composition in the case
of ternary alloydHowever, this characterization technique highly depends on temperature, strain
and excitation intensity. The surface and structural defects introduce atypical lurhimesscence

Extended defects, such as dislocations, clusters, domains or voidsrtalmdaedo the
luminescence, but affect the optical and electrical properties by trapping carriers or gettering the
point defects. Threading dislocations behave as deep dorgpeimaterial and deep acceptors
in ptype materialbut they are neradative recombination centeaasd do not contribute to
luminescenc@Vright and Grossner 199Bpwever point defect§Ga vacanciespmplexeDn)
can be trapped within them due to the large stress fields near the dislocations, and manifest
luminescence experiments, shifting the spectral line compared to poirfEtiiectst al. 1998)
Duringgrowthit isthus important to reduesmuchas possiblallsourcesf defectsn the active
region of optical devices.
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ILight emitting diodes physics

After dscussing the n and p type doping g&aLN material, we will now focus on the
physicsdehind light emitting diodeSince the main equatidrese been established in several
books and lecturewe will recall ithis workthe main equations that allaweasy understanding
of the future workFor more informatiorgne can refer to the refereho®k (Schubert 2006)

Under equilirium conditions, the law of mass action for a semiconductor material relates
equilibrium holeconcentrationF,!and electronconcentration{, to the intrinsic carrier
concentratiof |, by the law:

{yF* {f )
When injecting a current or exciting with light a semiconductor, excess carriers can be
generated. The free electron (haagentratiod !/ F2in a semiconductortisenthe sum of free

electron (ha) concentration at equilibriyil/ F,2 and an excess electron (hole) concentration
(N[, NF2 We establish the equations:

{*{y X 9
F* F,. NF 10

If consdering an ideal case of fully ionized dopantsquilibriumthe free carrier
concentration Bland N are{ ,landF, respectivel{Schubert 2006)

o * {y 11
bR (12)

1.4.1Recombination rate in a semiconductor
I General case

Minority carriers of a given lifetimg (ecombine over a distance of the order of the
diffusion lengthr, leading to light emissiohhe recombination rate at which an electron
recombines with a hole can be seen as the rate at which the carrier concentratiorSdesreases
the number of recombination events depends proportionally to the probability of holes and
electrons to recomie, we can express the recombination rate by:

€ €F
* * * o 13
X 1€ 1€ , {, F (13

With « the bimolecular recombination coeffici@n?.s*) with typical values comprised
between t8and 18cm?s* for AlGaxN semiconductor@®mitriev and Oruzheinikov 1996; Ban
et al. 2011Here{ isthe free electron concentrati@nt®) andF is the free hole concentration

(cm?).

Recombination processes in a semiconductor can be either radiative, i.e. resulting in a
photon emission of energy equal tdotlred gaenergy of the semiconductor and contributing to
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the luminescence, or noadiative, i.e. the electron energy isestew to vibrational energy of
phonons.

The hole mobility being lower than the electron mobility, the electron injection coefficient
in the ptype region is predominant with respect to the hole injection coefficient Htyghe n
region. Generally, thetype region is more radiative than tiygoe region. Moreover, to increase
the emission intensity, a high doping is required in p and n type regions of the junction, favoring
the electron injection.

The carrier distribution is dependent on the diffusinstant of the carrierg (andf )
in the n and ftype regions of the material respectively, which can be extracted from the electron
(hole) mobilityf /1 _2by the Einstein relations

=t (14

t

With J,, the Boltzmann constant (1.38068@2JK™), T the temperature (Kf the
elementary electric charge (1.802°C), It /1 2the mobilities of electrons (holes}(dfhs?).
Experimentally, these values can be determined bydtalerperiments.

Figurel8 Recombination types in a semicoidapdssisa®¢d aadiative recombinatigkugey
recombinatiofRadiative eledtaa recombination

The three main recombination mechanisms ateatkd irFigurel8 The equations are
given for a gype semiconductoput still holdtrue in the case @fn-type semiconductoby
replacing\{ / F2 with NF/ F2andN{ , by N, respectively
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¥9% Radiative recombinationof an electron and a hole with emission of a photon of
energy equal to that of thend gapHowever, if subjected to an external excitation,
the recombination rate give

x* e, I{y. N{/H2, /R, . NF/H2 (16
With N{ /2 andNF/ 2 the time dependent electron and hole excess concentrations.
We distinguish between:

o%radiative recombination fmw level excitation(generatedxcess carrier
concentration smalléran majority carriers at equilibrint {, . F)
for which the recombination rate reads:
X * -{lY. o {y. RAN{/ER* Xy. X-gsc (17
With x,, the equilibrium recombination rate args-. the excess recombiioa rate.

After ceasing the photoexcitation, tiiaority carrier concentration decays exponentially
during a certain time (minority carrier lifetime)

N{/F* N{yexp(@e/{,. F22/ 18

The carrier lifetime in a semiconductor is definbe asean time between generation and
recombination of minority carriers and is expressed as:

0
_ 1
- {,. R2 19

The majority carriers still recondyibut for low level excitatiietimescan be considered
infinitely long, without impactitige overall recombination.

o%radiative recombination foigh level excitation(generated excess carrier
concentration larger than equilibrium carrier concentiftiGa{ , . F))
for which the recombination rate reads:
x* 1eN{Y (20)
Thus, the carier concentration decays rexponentially with time, the carrier
concentration being obtained from the equation by the initial congftid@s: N{ ;,

0
N{/H * W/ (21)
The time constant (carrier lifetime) can be determined bypinefslbe decay and reads:
~R* 7. 0 ! (22)
- N}

This showghat the minority carrier lifetime at high excitation levels increases with time,
low level excitation conditions being reached after a certain time during the experiments.

Low level extationisthus favorabléor the measurement of the minority carrier lifetime.
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¥% Auger recombination the energy generated following an elebttn
recombination is dissipated through the excitation of an electron into the
conduction band or a hole in th@lence band, followed by a phonon emission.
This mechanism reduces the luminescence efficiency in semiconductors at very
high injection currents or very high excitation intensity. The recombination rates
are related to the n and p carrier concentratidhe material, since both electron
and holes are needed for this process to occur.

X oz * e, { FYI (23
X oz * e, { F (24)
The G and G are the Auger coefficients (of unit®shhwhich depend on the band

structure of tB semiconductoThe Auger recombination lifetime can be determined from the
Auger recombination rate and is:

N, 0
X,'#AZ .,{Y. i{“Y”o,. O = (23

~ . *
K4

¥9% Trap-assisted recombinationSchokleyReadHall recombination): is a non
radiative recombination mechanism due to the presence of defects in a material,
such as dislocations, point defects, complex formation and native defects
(vacancies, interstitials or antisite defects) presenting energy levelkewithin t
forbidden gap of the semiconduciidre recombination rate is:

X * ! (29
Xz "*"F (27

Withx_,__ ~(x_,__") the recombination rate through deep levels for holes (electrons) and
A the trap recombination coefficient)($he SRH recombination lifetime is expedsas:

. ENC . {,NF. N{NF ,
™ e @2 /{,. {.. 2. U/} e2/F,. F. N2 (28

With } ¢ the trap concentration,/> 2the hole and electron thermal velocitesoe 2

the capture cross section of traps{andndF. the electron and hole concentration if the trap
level is located at the Fermi level.

It is important to nathat generally, most ddepel transitions are noadiative, but in
somecases, theare some exceptions. Deep level luminescence occuid geiliconductors
with lower emission energwtitheband gapf the semiconductor.

The radiative and neaadiative recombination are in competition in a semiconductor
material. Even if neradative recombination can be limited by improving the material quality, it
cannot be fully eliminated. The calietime in the bulk semiconductey.{y ) is thus defined
by considering the contributions from radiative andawiative recombinatiprespectively:
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0,0 0 0
. . (29

ThezY Tz Te#z —QpP™

I Nanowires case

The presence of surfaces and interfacessema&onductor device has a detrimental
influence on the carritfetime Dangling bonds at the surface of the semiconductors may form
bonds with neighboring atoms in the same suritroelucingadditionaknergystate that act as
nonradiative recomiation centers. Minority carriers arriving at the surface will recombine,
decreasing the luminescence efficiency and heating the surface.

The effect of sdiace recombination introducas additionatecond contribution to the
recombination rate
0 0 i

* . — 3
~ hay € 9

With j the surfacdhterface recombination velodigy.s), € the layer/wire thickness
(nm) and is thesurface coefficierho unit)(Sproul 1994; Saduder 2015)The minority carrier
lifetime is thuslependent on the geometrical paramefen® structures.

Surface recombination can be limited by surface passivation
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1.4.2pn junction diodes characteristic

The main function of a LED devisdo convertelectrical energy injected in the structure
into light. The most basic structure of a LED psjanction. A typicgbnhomojunction band
diagram is shown kigurel9, with an acceptor concentrationdhd a donor concentratibiy
in the p and n parts respectivVéle define the forward bias (or direct polarization) as the positive
bias applied on thetppe of gpnjunction(Schroder 2015)

Figurd 9 a)pn homojunction deagplawithout bias.dn) homojunction band diagram under forward bias
Vbias

Under equilibrium the Fermi level in the n and in theype partsof the junction is
constant, with a space charge rewgioith W, depleted of free carriers, defined by electrons
originating from donors diffusing from the n part of the junction on the pfswdth W,, and
inversely, by holes diffusing on theide,of width W, The built-in potentialy; created by the
free charges at the space charge region is the barrier potential that carriers must overcome in order
to reach the neutral region of opposite condtyctiype. By using Poisson equations, the
expressions of thmuilt-in potentiak/bi and space charge regradth Wp can be derived as:

} }o

\np * t o —v 2 (31)

32
g,* @ @ * W/V\é/\ml\z}g }—§ &

Wheret the elementary electric charge (1.602C), n is the intrinsicarrier densityf
the semiconductoY, is the applied voltage across the terminals of thewigdis,the dielectric
permittivity of the materiafith w, * 8.854 10**F.m* the dielectric permittivity of vacuudg
the Boltzmann constant (1.38068@°JK™), } the acceptors concentration fgcthe donors

concentratiorfcnt®), T is the absolute temperat(iKg. At the room temperature of 300%

value is known as the thermal voltage and is equivalent to 25.85 mV

The space chargegion extension on p and on the n sides is related to the doping levels
following theneutralityequation:

} oo *}om, (33
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I ldeal diode behavior
By applying a forward bias on the junction, minority carriers are iffjeetsel ). An
excess of carriers over their equilibrium intrinsic Wu@s{ |Ynis accumulating at the vicinity of

the junction. The depletion region beimghlyi resistive, the voltageplied on th@njunction is
going to decrsa(increasgethe pnjunction barrier in forwardeversgbias.

1.4.2.1.1 Case of forward bhias:

By injecting electrons in theaype region or holes in thetype region, they become in
excess at thermodynamic equilibrium. The electrons are diffusimgareegalength called L
into the ptype region and are recombining with holes, emitting ghS&me mechanism can be
observed for holes diffusing in théype region over a diffusion lengthThis diffusion length
(m) is directly dependent on the diffugtoefficient of the material as well as on the lifetime of
minority carriers:

e *«~f. (39

o Y «~f (35)

The currentlensity(A.cnt) generated in the n and p type regiofhs  and—/+ 2is
defired by the Shockley equation in the n and p parts of the junction respectively:

a/+ 2% —t}{ 'Y.f >/ [% 1 02 (30)
STt e —t}{ 'Y.f"'/[%!l 02 37

For ideal diodes, the expressiontli@r totalcurrent density variation(A.cn®) under a
given bias is:

t{~ & t{~ © 38
® —/+ 2, "+ % Ur. [Ys10°. —{'f“'/[Y"éloz =
o Yoo, }.e
_t{Y t{Y & o (39
o —l. {'f“°/[Y-'5102* ®/[ V5102
} 0?, } C
If considering a diode of surfacécAr?), the current is defined as:

-k ot (40)
+* T[S 102% £/[Y¥S102
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1.4.2.1.2 Case of reverse bias:
In reverse bias, electrons are injected intyyerregiorand holes in the-fype region. A
saturation currerglis attained, defined by:

- t{f, t{f ., (41
}o® . "} Lo
The current is strongly increasing while the diode voltage approaches the diffusion voltage

Vyi. This value is called the threshold voltage and for highly slpémbnducte: it can be
approximated to theandgapenergy potential:

42)
2 2 _H (
\h| \ t

Also, since usually thaas voltages higher than the thermal voltage, the Shockley equation
finally becomes:

©egy 43)
i* ._|.Q[ Y-§

I Realdiode behavior

The above considerations hold true for an ideal diode. In the case of real diodes, a couple
of parameters have to be considered, coming from parasitic effects caused by device characteristics
andquality of thenaterial. The'Y plot of areal diode with respect to an ideal diode is represented
in Figure20for a GaAs diode at room temperature (taken (Bomubert 2006)

Figur@Q. Ideaversus real diode current voltage clexaniplestts GaAs (fmthelpert 2006)

¥% Ideality factor - ., : the behavior of a diode from an ideal case is quantified by
the ideality factor which usually takes values betva@eR. This factor is related
to the quality of the device and characterizes thalbwkode behavior with
respect to th ideality
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¥9% Parasitic resistancestwo types of resistances have to be considered when working
with diodes:

o0%Series resistan@dming from an unoptimizethmiccontact or from the
neutral region resistand@eto a low carrier concentration or low carrier
mobilities

o%Parallel (shunt) resistanceming from any channel-pgssing then
junction such as damaged regions or surface imperfections.

Therefore, th&Shockley equatid@d3)for a real diodeincludings,-;ideality factor, a
parallel resistance &d a series resistangdé&tomes

/ o-ew,2 4
+1 ﬂz* -_l-Q[AAAAAX"é ( 4)
X...

From this expression, the series resistanz@anfbe calculated at highitage \( 2 %2,

whereas the parallel resistancés Risually calculated near the or(yir, %2, where thepn

junction currentan beneglected:
. &

Xo* — (49
O €t 3 |[#3 ICEZ—#"
€\
X * —/E (49
€+ JS—z Ez|#,

One important aspect that has to be considered when working with diodes is the diode
voltage. From the conservation of energy, the energy of an injected electropnjutioction is
equal to the optical energy of a photon coming freneldctrorhole recombination. Thus, the
diode voltage normally etk bandgapenergy divided by the elementary charge.

EE2 ", * B 4
With E the Plank costant 6.626 10%* m?.kg.8) andE thefrequency of the photoryjs

While considerintpe above aspects from a real diode characteristic, it is obvious that the
diode voltage is slightly different due to the various mechanisms mentioned before:

0%A voltage dropxgoccurs at the series resistance and is responsible for an increase
of the drive voltage;

0%Conversion of carrier energy to heat and dissipation of energy by phonon emission
increases the drive voltage;

0% subthreshold turron voltage can be sometimes caused by carrier transport
through surface states or deep levels in thefahi& semiconductor
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I Heterojunctions and carrier confinement

LEDs are usually fabricated by using heterostructures, that is, two type material
semiconductors,wideband gap barrier regiand.AIN) and a lowband gagactive regiore(g.
GaN).

Figue2l a)Heterojunctiomder forward biad) pirmultiquantum well strueitinean EBL

The confinement of carriers by using a heterojunction in the design of the active region
represents a good way of increasing the ratatrob ratespf decreasing the recombination
lifetime and thus yielding a higher efficiency.

By using an undoped layer bound between layers of opposite typeshaoajpiection
design known gsnjunction(Figure 21a) is formed.The electrofhole recombination length will
no longer be defined by the diffusion lengths, since carriers injected into the active region will be
confined by the heterojunction barriers. The high carrier density in the active region of a double
heterojunction yields higher radiative recombination and lower recombination lifetime than in the
case of a homojunction.

Furthermore, the use of quantum wells increases even more the carrier densities, improving
the efficiency of a LEBuch as in the casesomulti QWheterojunctionllustratedn Figue 21b.
I Nanowire prjunction

One dimensional nanowire offers several advantages with respect to other material systems,
such as carrier confinement in two directions, and, simultgnetvas relaxation in the axial
direction allowing for a more efficient light emission as well as charge transportation.

Figur@2 a)Axialand b) radial geomatgwipn junction

Multiple homo and heterojunctions carsipnthesized within the nanowires, increasing the
optoelectrical properties. Nanowire based junctions generallytpregeoimetries, either axial
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(Figure22a), following the growth direction or radial, more commonly knownre/shedl
structuresas depicted iRigure22y. This work will be only concernipgaxial junctiongyut
further in the manuscript we will have to confrothésadial geometry of thpmjunction.

I Surface influence on transpomproperties

The high lateral surface of the nanowires is one of the advantages of working with these
nanostructures. Howevsuyface effects can be detrimental to the adeantayced by the high
surface for instance surface recombinat@msurface ddgtion). These effectsave to be
considered wdn evaluating the performances of UV LERs and Duan 2012Falarco et al.

2011)

By considering a homogeneous dofjirtgpe orn-type of a semiconductaranowire,
free carriers at the surface can be found in three different configpraBentedni Figure23
(Pernot et al. 2014)

When the surface effects are negligible, the carrier density is constanflattcrd
configurationis ®nsidered for transport inside of nanowires. The electrical conduction is
comparable to that in a bulk layer.

In surface accumulationndiguration the bandoending induces higher majority carrier
concentration at the surface of the nanamidean additional conductiontptitrough the surface
layer parallel to that in the core of the nanowire

In the case of a partially or fully depletatbwire, the barlzbnding induces the depletion
of majority carriers at the surface of the nanowhe electrical conduction is done through a
smaller section of radiusat the core of the nanowiee full depletion leading to an insulating
behavior.

The main reasons of the Fetevel pinning in the nanowireghisinteractiorof majority
carriersith surface states and species adsatlileel surface of the nanowires. This crerbes
a depletion or an accumulation layer depending mneleeting specidsut can also result from
an inhomogeneous doping.

Fermi level pining and surface effbetge been observed previously in GaN nanowires
with the creation of a depletion layer and cannot be neglected firderpinetation of the results
(Richter et al. 2008; Gurwitz and Shalish 2011; Sanford et al. 2013)

The surface effects isstan be solved by either passivation of the surfaces by chemical
methodgHanrath and Korg@004)or coatingDemichel et al. 2010; Dan et al. 24ayvever,
when working witlAlkGa.xN nanowires, an AIN outer shell of highand gaps expected to
grow spontanealy, passivating the surface and avoiding surface effects in the core, leading to a
better carrier confinemeRierret et al. 2013b)
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Figur@3 Band bending effects in a nathoghiferent sizes: a) sections of the nanotyicasrib)smajo
radial distribution badd diagram of the wopsype ard) ptype semiconducemiahat
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IEfficiency and optimization

In view of efficiency improvementtansive research in the field of-U&Ds has been
done recently. Majandustrial actors as well as research centers have been optinAkBa.the
N based UM_EDs. Different heterostructures have been developed and optimization of stacks
has led to significant improvement. Great progress has been done in the pagayaarsgat
output power andeavices efficiency is concer@dotayama 2018)

In this sectin,we recall thdifferent terms of LED efficien¢$chubert 20068y knowing
the origins of these different terms, ojzatian can be made accordingly

1.5.1External Quantum Efficiency (EQE)

The external quantum efficiency of a diode is defined as the number of photons emitted
externally from the LED over the number of carriers passing through the device. The EQE is the
most importahparameter when talking about light emitting devices, since the term considers the
influence of the optical efficiency as well as of electrical efficiency.

The external quantum efficiency is defined as:
{lj41 A 'FEIHIE 1D HHIE+H{NOOOG, OJER2

1/, vl - v L * 1/, 1/, - 1 * 48
“§is " Mam 0T ICNTID[BFNEEDEE] I-{CHD 870 g Yogg " —gp

With %45, the carrier injection efficiengly,q 'the internal quantum efficieraaydgqqthe

light extraction efficiency, P the optical power emitted intspiaee, | the driveurrent EE the

photon energyThe EQE is greatly impacted by losses during the successive functioning steps:
from injection of carriers in the LEDQ recombination and extraction of phtd from
recombined carriers

1.5.2Carrier Injection Efficiency (EIE)

The electrons passing through the device coming from the electrical energy have to be
injected in the active region and undergo eleuties recombation to produce photons.
e {an ' !|'|'A ![O[?HTI\{ET[CEIMD{D{O !D{!I-E['!NCHDbT[CA)DI{ (49
8% {141 T [O[CHI{ED{~[CH[®{HE €[>DC|
The active region has to be optimized in order to confimergamrthe active region of
the device and increase the electron probability to recomiinehoice of an adapted device

structure and use of quantum wells for carrier confinement allow the incrégsjgeg of

1.5.3Internal Quantum Efficiency (IQE)

The internal quantum efficiency or radiative efficiency of a égyjde,the efficiency of
converting carrier current to photons.
Yo * ,{I']4A[T -!.|'|' !FNEAIAHI{AE ![]~DHH[=€P{H[,T{NOOQ ~° | Oy¥ER (50)
“9 M4l W 'CNIP[IEFNEED{EE -i{CHPI{ ~£* . ~5 @&t
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Where~; is the radiative carrier recombination lifetifye,the nonrradiative carrier
recombination lifetime;,Rhe power emitted fro the active region.

The radiative and naadiative recombination processea geviceare in competition
with each other, eithfar band to band transitions or foansitions via traps. Thgq is related
to the radiative and neadiative remmbination rates. The carrier lifetime is an important
characteristic of the junction that has to be considered when improving the IQE of a device. A low
radiative lifetime is necessary to yield a high IQE. The improveigptazin be attained lay
good material quality limiting neadiative recombination centers such as point defects or
threadinglislocationgKarpov and Makarov 2002; Van de Walle and Neugebauer 2004; Henry et
al. 2012)

1.5.4Light Extraction Efficiency (LEE)

When extracting light from the device, part of it is lost due to reflection inside the structure
because of the differenbetween the refractive indioéshe sengonductor and the ambient.
Oncecreated from electrdmle recombinatiothe photondave to escape from the crystal for
a lightemitting effect. The light extraction efficiency is defined as the proportion of photons
escaping from the device with respect to the photons created in the active region ooming fro
radiative recombination.

. {140 W FEIHIE [+HINCHI€T] H€PDC[ ~ OJYER2

N4 M 'FEIHKE [IBHH[ED{H[I{NOOO Oy x/EE2

The optical efficiency of the devicaimy depends on the optics around and outside the
device, and is not influenced by the electrical phenonmaatedaproperties of the structures.
The photonic successive internal reflections inside the staveltomiéing the number of photons
extracted from the device. Surface sinmationallows the optimization of critical reflection

angles. The substrate of the device also plays a major role for optimizatignof the

(5D

Yogg

1.5.5Wall Plug Efficiency (WPE)

Finally, the wall plug efficiency or power efficiency is the ratio between the optical output
power over the electrical input power. Normally, the bias applied on a LED is approximately equal
to the band gap energly.a good device, the WPE is thus approximately equal to the EQE.

ca, . DE EE
uo” * ?* 1/gig ) [_ (52

Where V is the operating voltage of the LED.
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ISummaryof chapter 1

Chapter 1 is focused on ttateof-the-artphysics behind the stualyd fabrication of an
UV-LED. The general presentatidrtize 11I-N describethe main structural parameters for the
materialainder study in this manuscripaN and AIN, as well as the ternary allogxl,Ga..N,
crystdlizing in the wurzite structuredashowing a Mpolarity. Then, thenanowire structurese
introducedvith a focus on theadvantagdsr light extraction.

Regarding the doping of thesateriad literature result sh@a high ionization energy of
p-type dopants in GaN and AIN mateffdle best candidate foitype doping is Mg, whereas n
type doping will be done by using Si. The high Mg ionization aneérdiyficult incorporation
and activation will bene of the main issues at stake in this manuscript.

While working with a LED, thepto-electronic transitions are of high interest. The
different transitions taking place inA®Ga.N can result in radiative or nadiative electren
hole recombinations. If neadiative, these op@ectronic transitions are responsible of
decreasimpthe IQE of LED, showing the importance of decreasing their occurrence probability.
Another takeaway information concerns the dissel states in semiconducterintroducing
additional luminescence lines and trapping carriers.

| have discussed furthte basics ad simpld.ED functioning principle and presented
the general equations ghrgunctionunder biashat we will use further in the studigsally,l
have dedicated a part of the studies to the interest of considering the surtiaamn gfkec
transport mechanisms inside the nanowires and concluded with an overview of diode efficiency.

GLa thZorie, cOest quand on sait tout et que rign lree featigiomneOest quand tout fonctionne
et que personne ne sait.gourquoi
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2.! Methods and experimental details

After a detailed description of the background and concepts bemitiddeenaterials
used fotherealizatiorof DUV LEDs, the main techniquesid experimental details necedeary
the growth and characterization of dasypreesumed in this chaptdihus,a major parill
concern theexhaustive description of tmeolecular beam epitaxy growdcthnique and
experimental details, from substrate preparation to final danapleext stage, characterization
techniques tit contributed to the results presented in this PhD will be described. However, | will
be mainly insisting on detailed description of the techniques | have worked with. Other
characterization techniques will be rhoedly presented.

IGrowth of Il -Nitrid es

[l -N materials are relativelyyets synthesize. From tolownto bottomup approach
GaN and AIN material growth has been studied ever since begitimffoentury. The main
growth techniques mostly used today fel Ithaterial growth will beeveloped further.

2.1.1Epitaxial growth

The epitaxial growth (from the Greek OepiO = above and OtaxisO = in an ordeted manner)
is based on growth @f crystalline material on a crystalline substrate in a defined orientation
imposed by theubstratend matchng of the lattice parameter at the interfagare24illustrates
this principleOne differentiatelsetweernomoepitawshichconsists offrowing a material on top
of a substrate of the same composition with a perfect mha#ticking, antieteroepitaxiyich
defines the growth of a material on top of a different composition ceataliitrate with a lattice
mismatch at the interface.

Figur@4. lllustration of epitaxial growth
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High quality mateal can be obtained by homoepitaxial growth, but the limitations in terms
of available growth substrates have highly favored the development of heteroepitaxial growth.
However, the compatibility of the substrate with the epitaxial ldyg¢mest impordnce. Indeed,
when adapting the lattice parameters of two different materials, the strain relaxation is done either
elastically or plastically, introducing defects such as dislocations or cracks that affect the
optoelectronic properties of the materidissTthe choice of growth substrate as well as of growth
parameters are very important for high quality materials growth, epitaxial growth allowing a good
control in terms of optical and structural properties.

2.1.2Growth techniques

Several growth techniques available nowadays for growth of semiconductor materials,
the choice of the growth technique being for a long time a compromise between quality and cost
of the final sample.

Liquid Phase Epitaxy (LPE) is a simple growth method that is basedrowing a
semiconductor material from melted high purity metal sources, with impressive levels of purity of
the layers. However, the flexibility in terms of material types and the growthilafer
structures with abrupt interfaces is difficult to achieve.

Vapor Phase Epitaxy (VPE) (Stringfellow 2012the growth spées are carried by
precursor gas which are either organetallic precursors (in the case of MOVPE) or
hydrogenated precursors (Hydrogen vapor Phase EHBE) to a substrate placed in an oven
working at a high pressure of several hundreds of (algay$or GaN growth usually comprised
between 400 mbars and atmospheric presfsdjing in high purity materials and rather abrupt
interfaces. The major advaetad MOVPE is the versatility of the technigondthe suitability
for large scalproduction, due to the rapgtowth process anthe ability to grow on large
substrates with a high uniformity. However, there arecam®ef this technique related to the
hazardous precursors and limitations in terms of growth of some materials (high In content InGaN
for example).

Molecular Beam Epitaxy (MBE) (Herman and Sitter 20kZpwth consists of directing
beam fluxes coming from elemental sourcesaati@lled rate onto a heated substrate, yielding
highly crystalline quality materials. The nitrogen source can either be introduced by ammonia gas
(NHs-MBE) orbyplasma dissociation of,Nh which case the technique will be known as plasma
assisted MBEPA-MBE). The ultrénigh vacuum conditions (UHV) aahobtaining a material
with very low residual impurities rate. MBE was the first technique allowing the grenfghttyf
abrupt superlattices.oever, the low growth rate and expensive cost ofhgpoadess and
machine maintenance is still one of the disadvantages for industrialization of the technique.

The lattetechnique was used for growth of the samples presented in this manuscript. The
technique as well as the growth process and stepduvthéedescribed.
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2.1.3Description of PA-MBE growth technique
I PA-MBE equipment
The MBE machine used for samples grown in our group is a MECA2000 machine

produced by a French supplier for which the schematics of the main parts are illiStgated in
25

Figur@5 lllustration of the plassiated MBE machine with the respective elements

2.1.3.1.1 Pre-growth chamber system

The growth substrate is placed on a hollow 20 molybdenum sample holder called
OMOLYBLOCOtHe so calledn-freedmounting process). The substrate is attached to the
substrate holder by 2 pon the edge of the wafer as showrigure25

A transfer system is located prior to the chamber and avoids the change edomasg
sample transfer into the growth chamber by exchange with the atmosphericlprispsavales
a way of reducing the number of impurities introduced in the growth chamber, by pumping the air
through an ionic pump, maintaining a constant peesfsaround'510°-2" 10®mbar. The sample
holder is then placed on a transfer rod and then inside the growth chamber.
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2.1.3.1.2 Growth chamber and vacuum conditions

The MBE growth process takes place in a chambemulingbighvacuum conditions, to
limit incorporation of mpurity The high vacuum conditions are controlled by two pumping
systems: primary pump coupieé turbomolecular pump (1705 that allows to attain vacuum
conditions of 1& up to 10 mbars depending on the pumping time. Last impuaitietrapped
inside the chamber by a liquid nitrogen cooling panel (cryopannel) that is also used to cool down
the frame around the cells when heated up. The pressure gauge constantly registers the vacuum
pressure inside the chamber for optimum vacuuditioms during growth. A Quadrupole Mass
Spectrometer allows the analysis of the residual vacuum inside the chamber and ideittification
mass spectra of different pollutgiftpresent)

2.1.3.1.3 Manipulator and substrate heater

The MOLYBLOC is placed on a Siibstrate heater inside the chamber, allbwatong
temperatures up to 1200;C. The manipulator allaiveehsional degrees of freedom allowing
the exchange and alignment with the precursor cells inside the growth éhaentimal axis
rotation systerof the substrate heater allows the homogeneous repartition of incoming atomic
beam fluxes on the substrate and plays an important role on the samples homogeneity as describec
further in this manuscript.

The substrate temperature is controlled throughpetatare sensor (thermocouple) in
contact with theear face of the oveRor a more accurate growth temperature control, growth
conditions in terms of substrate temperature are determined prior to the growth by using the
characteristic desorption timawdtallic adatoms (Ga) on bare Si (111) surface, probesitiby in
Reflection High Energy ElectrBiffraction (RHEED)(LandrZ et al. 2008)

2.1.3.1.4Knudsen cells

The precursors for MBE growth are atomic elements of high purity (®©t®8/999%
to 99.999999%coming from Knudsen effusion céisown irFigure26), radiallydisposed in the
chamber, so th#te fluxes conveego thecenterof the sample. Knudsen cells are usually fit with
a removable opeaced crucilel made from high temperature resistant BN material. The pure
metallic elements charges and crucible are heated up at very high temperature above the
sublimatiorpoint of the respective elements through a resistively heated filament at a heating up
rate of20;C/min.

Thermocouples in the cell allow feedback control of temperature. Due to the high vacuum
conditions, the displacement of atoms coming from the Knudsen effusion cells is in a ballistic
regime characterized by a mean free path of atoms greatentharich eliminates atomic
collisionin the impinging beamkimited growth rates of less than 1 monolayer per second (1
ML/s) offer the advantage of precisely controlling the thickness and interfaces of materials during
MBE growth.
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Figur@6 Knudsen cell with respective elements

Individual cell shutters allow the control of the incoming fluxes of precursors during
growth and a main shutter is used to protect furthermore the substrate from residual contaminants
during heatingp phaseOur system is equipped with two Ga, two Al cells and one In cell for
AlLGaln..yN alloys growth and one Mg cell and one Si cell for doping of th& hkogesibration
of the Al and Ga fluxes is done by RHEED oscillations technique thraghirg the surface
reflection when growing AIN and Gddyers on a bulk GaN substr@teyce et al. 1986he
reflection of the RHEED beam on the growing material is maximal when the last atomic layer is
complete and minimal when it is partiallgfilleading to oscillation periods equal to the atomic
layer completion rate.

2.1.3.1.5 Nitrogen plasma source

Theactivenitrogenflux in our MBE machine comes from plasma dissociation (&N
MBE) by means of radio frequency dissociation (RABH. Only 1% oflie N, primary flux
of molecules is dissociated. Two different cells furnishing different fluxese@fdunted on
our MBE system: an ADDON J¥lagna and adigh-DensityRadial Sourd@¢iDRS)plasma cell
designed in the University of Nagoya (Japan) amderoralized by Aakuto Company.

Depending orthe plasma cell used for sangrewth, the nitrogen flux is regulated
through a mass flow at eithéd §ccm with a radio frequency power of 300W corresponding to a
GaN growth rate of.25 ML/s, or 25 sccm witlB00W frequency power corresponding to 1ML/s
growh rate, depending on the sampbpirementuring growth by using a plasmashurce,
the pressure inside the chamber rises Upli@® fnbar, at the limit of ballistic regime.

2.1.3.1.6 Reflection High Energy Electron Diffraction

The real time #situ structural characterization in theNFBE chamber during growth is
done by using a RHEEReflection High Energy Electron Diffraction tothe principle of
RHEED technique consissf sending an electron beam emithein a gun undehigh
accelerating voltagé &V in our case) towards a substrate, with a grazing incidence of the order
of 2-3j.

After multiple diffractions on the surface of the sample, the diffracted electrons form a
diffraction pattern on a phospbas screen situated on the opposite side of the gun inside the
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chamber. These diffracted electrons correspond to the intersection of the surface electronic density
Fourier transform with the Ewald sphere of ratljius % as illustrated migure27 (Hestroffer
2012)

Figur@7. Ewald spharel RHEED principle

By interacting with the first atomic layers at the surface of the sample, the RHEED
diffraction pattern gives information about the a@iggraphic plane arrangements, from flatness
of the surface to sizes of grains and domains of surface structures, as well as about the epitaxial
relationship between grown films and islands with respect to the s{ttsdegawa 2012his
diffraction patteris strongly related to th@rphology of the samplesder study, various case
being representedkiigure28

Thus, for anideal surface the theoretical RHEED pattern should be constituted by
infinitesimal spots aligned on a radialahan et al. 199 ecause of nadealities of the
surface and due to the fact that the beam is neither perfectly monochromatic nor punctual, the
thickness of the Ewald sphere is-nero and the reciprocal lattice ofideal surfacwill be
constituted by streaks.

The Ewald sphere is intersected nearly everywhengolyciystal because all sorts of
in-plane periodicities can be found due to disorder. The pattern has a ring shape and is a sign of a
poor crystalline quality with di#et orientations of the grains.

If there are asperities on the surface of the sample such as in themalesofface
steps the beam is transmitted through the asperities so the diffratteom igaconstituted of
spots.
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In the case aBlands suchas nanowires, additional lines appear on the RHEED pattern
due to the diffraction on the island facets. The RHEED pattern in the case of a nanowires (high
3D islands) will be constituted by lengthened spots, as illustFageade?8 (NStzel et al. 1992)

One of the main advantages of the technique is that the RHEED diffracted pattern
intensties and its evolution during growth banfollowed irsitu thanks t@ numeric camera
allowing the calibration of different parameters such as substrate temperature and atomic fluxes.
The reatime evolution of the surface as well as numerical treafrtiendata as registered during
growth can be followed on a compui@ough the AnaRheed program developed in our
laboratory by Yoann CurZ

Figure@8 Typical surface morphologies and respective RHEED pattechsnbggiskem$raim
(Hestroffer 20112)
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2.1.4Growth kinetics mechanism

MBE growth conditions are far from thermodynamic equilibrium, governed especially by
different kinetic parameters linked to the diffusion and desorption of species on the growth front.
Preferential nucleation sites and balance atswrhergy are a consequence of the tendency of
minimizing the total energy of the system. The kinetic processes that govern the growth in the
MBE chamber are illustratedrigure29 (Hestroffer 2012)

Figur@9 lllustration of processedinvdihe MBE graiistroffer 2012)

First, the impinging atoms arriving from molecular beanthe growth surface are
physsorbed creating weak Van der Waals bonds with surfaceDatenis.the weak unstable
bonds created with the substrate, the adatoms can either desorb or diffuse frontahe surfa
depending on the substrate temperaftmms that diffusechaycreate chemical bonds between
them and with the surface, forming a stable aggregate responsible for further nucleation of material.
Following this, preferential sites are created for axlamaorporation without formation of
dislocations or stking faults, stepdges being the preferential incorporation (dtaghukar
1983)

Growth specific modes are defined depending on the lattice mismatch with the growth
substrate, surface free energy or dislocation formation energy:

a) Frank van der Merwe 2D growth mode in which the misfit during the growth is
released hiye formation oflislocations

b) Volmer-Weber mechanism for materials having a large lattice mismatch with the
growth material, the material keeping much of the surface uncovered without wetting;

c) StranskiKrastanovgrowth mechanisin which the matei wets the surface initially
but forms3D islandafter a critical height

The energy balance of the system is responsible for the growth mode, favoring low energies
of lateral facets and interfaces.
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I Substrate

2.1.4.1.1 Choice of substrate

As described in Chapterthie lattice parameter mismatch betwegbaAN alloy and
available substrates gives place to interface dislocations that appear to relax the strain at the surface
called Omisfit dislocationsO. In wurzite systems, threading dislocations of deghkitissi®s
10° cmi?, which propagate through the whole layer are most commonly observed. Poor quality
interfaces due to a large lattice mismatch influence the efficiency and optoelectronic behavior of
heterostructure devices because they are prefeaseidrsimpurities, higlhiffusivity paths for
dopants, and neradiative recombination cemstéDridi et al. 2003)The ideal substrate for a
heteroepitaxial growth should present a very low lattice mismatch with thenggeval and
similar thermal expansion coefficient allowing a large temperature range adapaddiligyn,
in view of device realizatjolrther requiremesatare desirable, namely a good electrical and
thermalconductivity for heat dissipation, as well as substrate size availability for large scale
applicationddeally, all of these are requi@th reasonable cost.

Thus, ideal substrate material candidatés.@&e..N growth would be AIN bulk crystals,
that also present the advantage offldi'sparency for UV applicatiq@arlos Rojo et al. 2001;
Kneissl et al. 2007; Bondokov et al. 2008; Kinoshit&6t 2)Started over 20 years agsearch
on these materiaistensified leely. @mpanies such asyGtal IS and Hexatech proptsgh
quality 20 AIN substrates, but still with prohibitive costeimsearcfield.

Despite these recent develemts, epitaxial growth Af,Ga.N layers relies on foreign
substrates. At this time, the main candidates for growtki\biritles remain sapphire and silicon
substrates.

In the case of sapphire, the (0001) orientated sapphire belongs to tisedaosingst
various substrates. However, the difference in lattice mismatch is of at least A¥GawiNh
alloys, but the material presents gdeckricainsulating properties and UV transparé¢@oypta
et al. 2016; Huang et al. 2016; Marini et al. 2016; Sobanska et al. 2016)

Last but not least, the preferences for silicon waferasiaedibstrate in thegach field
comes from a series of advantages of this materiahightgaality wafers can be easily
crystallized especially by Czochralski process for a price of as #w@sn2er. Moreover,
doping in this type of material is perfectly controliel for type n and p, allowing electrical
conductivity with the growth material. Amongst the disadvantages of growing on Si substrate, we
can mention the large thermal expansion coefficient and lattice mismatchNvitbnipounds
of the order of 17 %ith GaN and 19 % with AIN and UV absorbance, making it unsuitable for
growth of 2D layerdkeshchikov and Morkoe 2005)

In our case, all the samples withtmevnon Si (111yafer from Siltronix company, highly
n-doped with either As or P atoms to ensure a resiktwéythan 0.005 Ohm.cm for electrical
conductivity.
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The interest of using a Si (111) material comes from the particular diamond geometry of
the Si substratgace centered cubic latticepmpatible to that of wurzite -IN materialsAn
epitaxial relationship is obtained when[00Q] direction of the wurzite HN materials is
collinear to th¢l11]direction of the Si substrate

2.1.4.1.2 Substrate preparation

The wéers used as subats in this manuscriperecleanegbrior to the growth following
the same chemical procedure described hereafter. Each wafer is thoroughly cleaned for 50s in HF
10%, in order to deoxidize the Si@tive layer formed at the surface. gifocess is stopped using
deionized water and then the substrate isdvieay using nitrogen.

Once fixed on the MOLYBLOC and introduced in the growth chamber, the wafer is
outgassetbr at least 30 min at a temperature of 250;C in order to eliminateahyoins at the
surface, and then heated up to 900;C for around 1 hour (heating up time comprised) at a rate of
20iC/min, until the 77 Sisurfaceeconstruction appears clear on the RHEED, an indicator of
the residual Sig@limination(Figure30a)

Figur&0. RHEED pattern a) before growtl, Sirface reconstruction and b) after AIN buffer growth fol
sample N25830%AlGaxN NW junction)

| Buffer layer

Growing a thin AIN buffer layer prior to GaN laation on the substrate is known to
decrease defects density and increase surface smoothness as well gsaeduotaion of
GaN graingMusolino et al. 201&gvoidng inplane tilting and twisting).
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It has been previously established that the polarity pattern of an AIN buffer ensures the
reproducible nucleation of nanowires as well as soatnolwire density. The buffer layer growth
conditions and thickness haeeib adapted from the PhD of Thomas Augalieelle 2015For
additional information about particularities of AIN buffer growth and impact on GaN NW
nucleatiorthe lecturecanrefer to reference. Around 3 nm of AIN buffer layer was deposited at
high Al temperature (growth rate of Bl2/s) and high substrate temperature for some of the
samples presented in this manuscript (when mentioned), ifirsinghdwth method (Al atoms
provided first followed by N atom3he RHEED pattern after the growth of the buffer layer is
presented ifrigure3.

I Nanowires growth in MBE

The growth conditions for nanowires are particular since the cbptn@meters such as
substrate temperatweatomic beam incidence angles or 1lI/N flux ratio define the morphology
of these nanostructures as well as the limit for obtaining nanostructures instead of 2D growth. The
optimized growth conditions for achmgyNW structures has been defined by Ferngsalezlo
et al(Fernfndegarrido et al. 200%) the growth diagram depictedrigure31, showing the
influence of the substeatemperature and the IlI/N ratio on the nanowireOs morphology.

Figur&1 GaN growth conditions diagram and respective growth morphalogies (Garrido et al)

It is well known that growth temperature is difficult to compare frefBE to another.
In our case hie substrate temperature for NW growth is usually comprised between 775;C and
850,C, as determined by using a thermocouple close tedr face of the heatat quite high
temperatures, the metal atoms diffuse towardspted the nucleation sites, OclimbingO on the
lateral facets of nanowires andl@ating on top of thenWhen exceeding a certain temperature,
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the desorption rate increases with respect to the diffusion rate, leading to a low nanowires density
(Grandjean et al. 1999; Karpov et al. 2000; FerrGadado et al. 2009Conversly, at low

substrate temperatures, nanowires are coalescing, favoring the formation of a 2D compact layer. A
suitable couple of Ga/Mlux ratio and substrate temperature is needed in order to have a good
control of the nanowiresO growth. Nitrogen rich conditions allow the formation of nanowires, but
even in metal rich conditions and high substrate temperature, columns growtleisipossia
atomsdesorb from the surface leadimgitrogen rich conditiong the end

We have discussed, so far, the case of GaN growth on Si (111) substrate. It is important to
mention that AIN nanowires nucleation takes place at extremely higitestdrsiperature,
exceeding the working temperature of the substrate heater available in our growth machine.
Growth of AIN nanowires waxperimentallgroved on bare Si (111) and sapphire substrates in
previous studies. In this particulasNIklloy, thegrowth directly on the substrate was previously
exploredn thePhD of O. LandrZ(LandrZ et al. 2010)he density of the AIN nanowires was
nonetheless too high to be controlled by the substrate tempklighutesnperatureof the oder
of 10001100;C have allowed the growth of AIN NWs directly on the substrate butstudies
were limited by ovgrerformances.

Regarding the growth éi,Ga..N material, ternary alloys growth is more difficult to
control because of the differermween elements reactivAkGa.xN nanowires cannot be
directly grown on the substrate, because of the differendé¢ andlGaN bonding energies. Ga
atoms diffuse more easily than Al atoms, resulting in a8aNNphase separation. Due to the
difference between Ga and Al reactivity such as diffusion time and affinity for N bonding, direct
growth ofAl,Ga.xN nanowires on $111) substrate without the intermediate of a GaN nanowire
base shows the formation of a Al rich 2D layer in between the eaflamidrZ et al. 2010)

For these above reasothe AIN andAlGaxN nanowires grown in this work will be
nucleated on top of GaN stensthe case oAl,Ga.xN growth, the Gatoms form avetting

layer, Al atoms being completetorporated. Thus) iorder to control the Al composition, the
- VA

- VAP- BA

given by thdlux ratio betweer\l andN (& ; anda. ). In metal rich conditiong,; . a, 2

a. , so preferenti&l incorporation reads:

ratio

(with } ; and} 5 the number of atoms incorporated during growshjjrectly

}s* azand}. * a. 53

At stoichiometry, the metal atoms and nitrogen atoms are equal:

bz ta™ ) (59
So, the composition x of Al is determined by the Al/N fluxesfratipabove equata
e, 8z (59
beotae A&
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The doping of nanowires was obtained by introducing Si and Mg impurities during growth.
The doping conditions were varied for the different samples with a Mg doping cell temperature
between 22@ to 300;C for gype doping and a Si doping tathperature between 900;C to
1100jC for ntype doping. These parameters wigeeifiedor each sample in the description
of growth conditions.

ICharacterization techniques

This section will be dedicatedthe description of the main experimentaligeéhat are
used foistudyinghe samples. After mastering the growth of the NWs, the aim of the PhD was to
dispose of a completharacterization of the sampl&ke $ructural, optical and electrical
information about the sampMasacquired by a series of different techniques.

2.2.15canning Electron Microscopy

First step in analyzing the growth coneistsrifying the morphology of the samples and
geting information about the structural parameters by usn§danning Electron Microscope
(SEM).

The working principle of a SEM is basetherinteraction between a focused high energy
beam of electrons and the surface of the material under study with production of different signals
coming from secondary eleaspbackscattered electrons and characterstys Xollected by
detectors. From these signals, different images can be formed and displayed on a computer screen
furnishing information about the sampleOs topography (backscattered and secondaoy electrons)
composition (Xay)(Goldstein et al. 2017)

During my PhD, | have used two different SEM systems dependimg specificitgf
the study:

¥% The structtal and morphological analysis of the samples after growth have been
investigated by using the Zeiss Ultra55 SEM from PFNC platform inCEAC
Grenoble;

Y% The electrical characterization, EBIC measurements, electroluminescence and
cathodoluminescence expents were performed inside the FEI Quanta 2000 SEM at
Neel Institute in CNRS Grenoble.
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I Morphology and structural characterization

In terms of structural characterizat®BMis of prime interest in visualizing the nanowires
structure and morphology.d ktructural parameters (nanowire diameter, length, identification of
different parts of the structure by looking at the chemical contrast, surface coverage) of the
different samples grown during this PhD were verified after each growth in the ZBsSBNra
Microscope.

Figur2 a) Wafer surface inhomogeneity during growth induced by the dbiffstratd tgovpidrature.
morphologids)atmm ¢)15 mm and d) 25 mm from the center of the wafer

Since the growth is dooa a 20 wafer, the sample is cleavedFiguie32a, using a
diamond cutter, under a nanopatrticle extraction hood. The sample is examined in edge view and
top view, following the observation lines represented in thedmpwe In order to have an
approximation of the homogeneity of the growth, various SEM images are taken each 5 mm on
the radius of the sampleth a lav voltage of 5kV to avoid chargeféects on the sample. An
example of the SEM images at differegibnf the wafer is shown Figure32, ¢, and dThe
density of the nanowires, length and diameter vary as a function of the temperature. A large
temperature gradient can be observed on a single wafer along the radius leadingdoeiifiom
and a restmaedexploitable surface on each sample. Depending on the oven characteristics, the
deviation of nanowires growth parameters is more or less significant.

The SEM images allow us to determine the exploitable region of each of éseasaimpl
adapt it for each study depending on the needs. For example, for the particular growth of sample
N3314 which consist ofpnAIN NW junction on top of a GaN stem illustrateéigure32b, at
5 mm from the center of the wathere was no growth of GaN stems due to the high teonpera
at this particular region, leading to the growth of a pure AIN layer.

At around 15 mnirom the center of the wafé¢he sample presents individual nanowires
and a morphology that is convenfentstudies demanding dispersion of the nanowires.

Regarding the region toward the end of the vedf25 mmthe nanowires coalescence
can be considered as an advantage for metal deposition and electrical measuridmgmtsetal
leakage and an ewgal shorcircuit.
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2.2.2Current voltage characterization

The aim of the electrical characterization of nanowicesestigate the dopirag well
as to characterize as fine as possible the eleotrahattiorproperties of nanowires.

I Sample process

For electrical characterization purpose, samples were processed by depositing metallic
electrodes of different sizes on the top surface of the nanowires, taking advantage of the
coalescence as seen in the previous section. | have done all ofrthencigark in NANOFAB
at Neel Institute. The contacting procedure was respected for all of the electrical characterizations
presented further in this manuscript. The recipe for metallic contacts is detailed below:

0%Spinrcoating of 200 nm of LOR 3A UV positive fresist at 4000 rpm speed with 4000
rpm/s acceleration for 30s followed by alsake on a heplate for 2 min at 200;C;

0%Spincoating of 400 nm of S1805 UV positive photoresist at 6000 rpm speed with 4000
rpm/s acceleration for 30s followed by alsake on a hoplate for 1 min at 115;C;

0%Resist insolation by using laser lithography (DWL 66-44.@0@6n laser diode) on a mask
with different sizes of squared plots (20x20, 50x50, 1@t 200x208m?) at an
insolation dose of 75% of 120 mA beameriiwith 3% filters;

0%After insolation, the UV resist was developed in a MF26 developer for 1 min and rinsed
with deionized water;

0%The sample was then exposed ipl@sma (PLASSYS plasma etching system) for 10
seconds at 10W and 20 sccm flow prior tol mkep@sition. This helps reducing the series
resistance of-fype ohmic contacts and remove the residual resist on the surface of the
nanowires;

0%The metal contacts were deposited with an angle tilt of 10j to avoid the direct deposition
of metal in the spas between the nanowires and in consequence, the metal diffusion
responsible for shedircuit. Two types of metallic contacts were deposited on the samples:
either 100 nm Indium Tin Oxid€TO) sputtered by physical vaptaposition(PVD)
machine, or Ni/AI deposited by metal evaporation;

0%Resist liftoff in RemovelG remover for 2h at 80;C followed by an isopropanol cleaning
and nitrogen blow drying;

0%Metal annealing at 550;C in nitrogen atmosphere for 10 min in a tubular oven

The metalconformal deposittowas verified by using an optical microscope and the
samples were cleaved and studied/iard EBIC experiments.
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I Experimental setup

The electrical characterizaiaused in this PhD were danside the FEI Quant2000
SEM in vacuum atmosphefiéhe contacts were taken by using the four probe manipulators
presented ifigure33 developed in our laboratory by Fabrice Donatini.

Figur&83 Image of the experimempafsetlectrical studiegspéictive nanomanipulators on the SEM
stage

The tips used for contacting have a radius of 500 nm and were cleap@dbbn&at
50W with a flow of 50 sccm for 6 min in the PLASSYS plasma etching system, removing the oxide
formed at the tipsO surfac@rRo the contacting of the nanowires, a high voltage applied on the
tips allows the removal of the oxidesulting iramore stable contact at the sample surface. The
tungsten tips before and after the high voltage are presdtigeotied4

Figur84 Tungsteips a) before oxide burning and b) after oxide burningOflimécs dadehipmtures.

First samples are characterized in the IV configuration presefitpdé35a. The direct
polarization is applied on the surface contaad adleithley 2636 source mélae samples are
fixed to a ceramiinsulating plate with silver paste to avoid short circuit with the sample holder
and the backside contact is taken directly on the Si conductive sklzgiraBy).
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Figur@5 a) Schematics oV teeperimentalgetind b) SEM image of the contacts inside the SEM

The conformity of the surface contacts can be seen in the SEM images showing a clear
contrast when polarizing the surface of the sa(fese3@ and c) Shce we have deposited
different electrodsizes (Figure36a) we have checked the behavior of the maiatliernsdy
looking at the leakage current.

Figur@6. a) SEM image of the surface ofstleatinglegferent sizes electrodes b) and c) Contacted elec
with a contrast change undéV biaardyteristitsredifferent sizes elepniodéssurface normalization.
e) JV characteristics after surface normalization
The currenintersityversus/oltage characteristics are plottdeélgnre3ad for 3 different
sizes elemdes. It is important to mthat these measurements were done prior to irradiation
experimentas detailed later in the manusciipe eletrodes presésimilar behavior in terms of
current density versus voltabaracteristiggigure3ée) On this basis, we conclude tihat metal
electrode is conformal and the surface of the metallic electrode equals thebrafdhex
nanowires under thpattern.

However, by looking at the SEM images of the NWsO top surface, a filling factor has to be
considered for a correct current density determination. This fillingidaot@verage 80%,
pondering the current densiyfurther electrical studies.
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2.2.3Electron Beam Induced Current technique

One of the major assets | have developed during this PhD regards the use of the Electron
Beam Induced CurrefEBIC)technique. This powerful tool allows us to visualize the elddtric fie
insde of a buried junction, proofing tblectrical eivity of dopants, as well as to deterrtiiee
minority carrieor excitonproperties.

The EBIC technique is an electrical characterization technique usually performed in a SEM
or STEM (in our casthe FEI Quanta 2000 SEM at CNR&el Institut® The physics behind
this techniqge consists in exciting the sssniductor sample with the eleatbeam inside the
SEM, generating electrbales pairs inside the sample under study. If an electriddieddized
in the sample, such as in the case of a junction or at a Schottky contact, the electrons and holes are
separated under the electric field. The two carriers will be attracted to their respective n and p parts
of the junction, causing a currenfltav (called further EBIC current), mapping the electronic
activity of the sample as a function of the position of the beam.

Thetransversal configuratiote@ric field perpendicular to the electron healfove the
localization of the electric fieldtire buried junction or of electrically active defects. Due to the
geometry of the sample, this configuration will be preferred and developed further in this work.
Two different setips were used for the EBIC current imaging.

I Experimental setup configuration

2.2.3.1.1 Preamplification setup

First configuration consists ising a preamplification sgi schematized iRigure37a.
The interest of using the EBIC experimentalzes that it allows a direct imaging of the EBIC
current and aexact irsitu localization of the junction by creating an EBIC current mapping of
the sample.

The preamplifier permits the modulation of the current range by applying two distinct
factors: a sensitivity parameter (A/V) to adapt the EBIC signal to éimeicdyange of the video
board and an offset current (A) to subtract the offset of the preamplification.

The EBIC current £kic) is then extracted by image treatment (using ImageJ software) by
applying those two amplification parameters to the Intenadiky pneasured on a greyscale coded
on 2" corresponding to the number of gray colors in the image):
i, H{H[{EDPHO
33v.0” i[{EPHD>DHQ % 1 081 #pac (56
Figure37b and ¢ show th SEM image of @nAIN junction and the equivalent EBIC
image, respectively, whetéigsire37d is the supenposition of the two images. iSlyualitative
method applied tan AIN NW pinstructure is a quick way of visualizirgEBIC currenaind
confirm the existence of an internal electric field.

From the mappings, two kind of studies are interesting for quantitative determination of
the junction properties: the EBIC profile of an individual nanowire can be extracted tipeising a
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scan in the image treatment software Imdggur¢37e) or a line average EBIC signal can be
determined bintegratingver the entirenage

Moreover, the SEM contrast image allows an easy alignment of the EBIC cuscent and
an exact identification of the current change.

Figurg&7. a) EBIC seip inside the SEM in mapping configuration. b) SEM and c) EBIC signal map
illustrated on an AIN NW pin sample with the equivalEBi@)afigiMnesttowing the presence of a
pin junction signature. Scale is of 500 nm for a,b and c. e) EBIC profiling on an individual nanowire

2.2.3.1.2 Ammeter setup
The second seip consists in using a scan spot swept over a defined path in order
to register the EBIC curreffdwing through the junction by using a Keithley 6485apitoneter.
This configuration allows us to extract and excite an individual nanowire, the EBIC profile with
respect to the junction being obtained directly by registering the current variaéatebneith
path, as illustrated kigure38

The current sensitivity is much higldese to the picamperemeter resolution which is of
10 fA.The EBIC current profile is registered directly in the Labview program developeddy Fabr
Donatini for these specific measurements and is illustr&igdreB8for the same sample as in
the previous case (AIN Njihjunction).
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Figur88 a) EBIC seip inside the SEM in linescarationfigith the EBIC signal illustrated on an AIN
NW pin sample

I Quantitative EBIC imaging

Direct qualitative information can be obtained from EBIC studies regarding the presence
of a junction. However, due to the great influence of the measurement aaameit as to the
sample geometry that may play a role on the recombination mechanisms -quniy tHztinve
information about the basic material properties can be determined and it is essential to establish
the limits of the experimental conditio$ie theoretical considerations as well as the
establishment of the experimental limits will be treated further in this section. The general case of
apnjunction behavior was detailegte. Some of the physical concepts described previously will
be used whout detailed explanation.

2.2.3.2.1Injection conditions

The basic principle of the recombination physicprfiactionis based otihe generation
of minority carriers and diffusion of these carriers over a diffusion leragtd L, until a
recombination proses occurs. However, in EBIC experiments, the equilibrium of the overall
systentan beperturbated by the injection of excess carriers.

The majority carriers injected into the structlire amount larger than the carrier under
equilibriumare respondie for screening effeascarrier gradient creation. Thefects modify
the minority carriers transport properties. In order to evaluate the injection conditions and estimate
the relevance of majority carriers over the system equilibrium one sinoatiel g% amount of
the injected charges by looking at the scanning conditions.

When exciting a sample with the electron beam, the beam is scattered losing energy over a
certain depth under the sample surface when all of the incident electrons haveesbriibdo
electron and hole pairs generation take place in the interaction volume defined by considering the
lateral spreading of the electron beam. This interaction volume was approximated in literature by
Kanaya and Okayarfieanaya and Okayama 19%25a sphere of diamefgr. r:
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faer™ ABa "y = 9:% Sl
€. cS
Where' )!,/q is the acceleration voltage (keV), A is the average atomic weight of the material
(g/mol), d is the material density (gfmnd Z is the average atomic number of the compound

material.

Inside the interaction volume, thember of excess carriéfs andNF in the sample is
proportional to the beam energy. The Newbury niGadddstein et al. 200Bxs been proposed
in order to estimate the electtwole pair generation:

"J01{2 0 8, ~

* 5
N \ 9ty ot 9

WhereN{ rF are the electron/hole pairs created in the material (excess, E&riefsis

the energy injected by the beam in the interaction volume V, wh&vé ns-€he retro diffusion
coefficient determined IBarish and Rusg@arish and Russell 2006)the model, the energy
needed for the creation of one electron hole pair from an initial beam electron has been estimated
to 9" 4, where Eis theband gagnergy (eV).

©
energywith iz the beam current (A), the elementary electric charge (1.802 C), ~ the
recombination timmcluding both radiative and A@diative processes (s).

The is a ponderation factestimating the excess casrigmount from the beam

The parameters allowing us to determine the ekaci®mpairs generatidrave been
calculateth theTable5 for AIN, GaN andAl, Ga.N material.

AIN Alo.dGa.dN GaN

A (g/mol) 20.5 29.1 41.5
Z (u.a.) 10 13.6 19

d (g/cm3) 3.26 4.41 6.15

Eq (eV) 6.2 5.1 3.43

Tablé. AIN, GaN and AkGa.AN parameters

The excess carriers generated for these materials as a function of the electron beam and for
different beam voltage acceleration ranging from 5 keV to 30 keV have been calculated and plotted
in Annexe 1. These plots can be considered as abacus for further studies.

We have considered a recombination lifetime of 100 ps for trea&dked on krature
(Kumakura et al. 200%yhereasor Alo.Ga AN material and AIN material we have estimated the
carrier lifetime ranging between 100 ps to 100 ns, based on the dsatal@binitriev and
Oruzheinikov 1996; Chichibu et al. 201l0¢ different cases allowed us to determine the injection
conditions inside the samples.

Sine GaN and especially AIN are wided gapsemiconductorBaving high dopants
ionization energies, the doping level and the carrier concentration are nottesndvadépend
on the ionization rate of the dopants. The doping of-tiggenof the junction n is much lower
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than the donor concentration, and the stateimieren more truer p-type doping compared to
acceptoconcentration. Consequently,aons (1) and (12) establishediectionl.4become

{+}o (59
Ftf}, (60

Underlow injection conditions, the density of minority carriers is overall lower than the
carrier concentration under equilibrium, the difulength and recombination lifetime of the
minority carriers in the extrinsic semiconductor prevail without perturbation from the excess
carriers. In this case, theahd L, can be extracted directlgrh the EBIC signal.

The excess carrier concentrati@ated in the SCR must be compréide doping level
in order to determine the injection conditions. If the excess carrier conceiratimhNF) is
lower than the acceptand donor concentration, then the electrostatics of the SCR is not
disturbed and we are in low injection conditions. However, if the excess carrier concentration is
higher tharthe acceptor and donor concentratibantthe electrostatics of the system has been
perturbed and we cannot extract the SCR width reliably.

However, undehnigh injection conditions, the excess carriers injected in the system are
large compared to tlarrier concentration under equilibriathe n and p respective parts of
the junction. The charge neutrality equation still has to be respected, electrons and holes injected
in the system diffusing together (phenomenon known as ambipolar diffusion), with respective
ambipolar diffusion length®j and diffusion coefficient f) directly dependent on both electron
and holes diffusion coefficienfs @ndf ) (Orton and Blood 1990)

fé* Iff (61)

er L fe~ (62)

Nevertheless, since the EBIC experiments on the samples are perforagedwn as
configuration, the excitation depth should not exceed the diameter of the nanowire, in order to get
information about individual nanowires and model tH€ E&rent. The electrons trajectories
when interacting with a given material can be determined by Monte Carlo simulation by using the
Casino software. The EBIC experimental conditions will thus be chosen as a compromise between
the interaction volume di¢ sample and creation of excess carriers.
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2.2.3.2.2 Experimental fitting of the junctionOs parameters

From thepnjunction theory described @hapter 1 Sectioh.4.2the neutrality equation
in the space charge region formed by ttkadges inside the depletion regiemexpressed as:

},’ Q...*}O’ Q,, (63)

Where M and N, are the doping levels of acceptors and dono?$ éoah VW and W are
the space charge region widths in the p and n part respectively (nm).

Figue39. pin junction electrostitgrnatization

Thepinjunction electrostatics is describeBignre 39 It can be seen that the difference
in charge density insidprgunction creates an internaogtic field inside the junction, which can
be directly observed by EBIC studies.

Bonardand GanisrgBonard and Ganiere 199%8tablished the 2D continuity equation
allowing the extraction of the EBIC current profile with regp#uot scanning axis x (in our case
the positioralong the nanowixre

=]} =]} i (64)
oy d 2% 1 €+1 B +1 +n@0/+n@EQ
el y

With 8 / +n@€Gthe efficiency of collection of generated carriers. The boundary conditions

of this equation in the case of a nanowire is treated in detail by D@w@ialato 1994 By
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assuming negliggbsurface recombination effects, the continuity condition in a neutral region
situated far from the junction can be simplified to:

'."gg%d +2 ﬁ 06' I/ 1 +x'7 2 (65)

o /.2

This simplified expression for the EBIC current variation can be detdionibeth n
and p sides of the junction by fittimgh an exponential dependeatéhe EBIC current profile
as represented kgure4Q,

FigurdQ. Data fitting examplen&B&C profile for diffuagths and SCR limits.sketch

The exponential dependence fitting gaeegss to the minority carriers diffusion length
on both sides of thpnjunction in low injection condition$he space charge region width i
determined directly after thiting of the EBIC profildoythe exponentialependencdhe space
charge region width limits are defined by taking the points of the experimeaftal edielihe
fitting diverges

From equation (32)he total space charge region widtiAl,Ga.xN can be dirther
expressed as:
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o, *@o .o * ¥|Wféﬂ, Ny 1\,2 (69

[e] " t}‘éé

Withwy,_ .. the relative permittivity of #l.Ga.N material§9 for GaN and 9.6 for
AIN) w* ww wherew * 8.854 10> Fm* is the dielectric permittivity of vacuum)the
elementary electric charge (1.80%2° C)!}-,, the effective doping inside the material

O} a5 * :T_\hl thebuilt-in potentialV) and\, the apged bias (V).

It can be thus observed that studying the space charge region syidtintéresting for
estimating the doping levels in the nanowires it giveaccess to thdfectivedoping} ~35 - By
looking at the case of an abrupt jundfibat is considering a homogeneous doping), dudiesf
doping gives access to a minimum doping in the sample.

i Wy s ..
* M, /\h|1\2 (67

}-aa ta¥

By assuming that either the p or n part of the junction preseufiggéble doping (that is
}.oF Yolor}, E},) the efficient doping can be expressed as:

.0 0
bE Yol 7 (69
b, E}o Y !}O 2 }i ©9

To obtain an efficient LED strugt, the recombination lifetimes and, implicitly, the
minority carrierOs diffusion lengths are essential parameters. However, secondary processes such
surface recombination and trapping of carriers oHeledstates provide an alternative path for
recombination processes and play a-negligible role on the minority carrier radiative
recombination. In this simple model, we assume negligible effects regarding surface recombination.
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2.2.4Dther techniques and collaborabn

This PhD work would not have lbeeomplete without fruitful collaborations allowing us
to get correlated resuiitsm different techniques. Ttexhniques used to present the results have
been summarized hereafter. However, experimental details will notfoe tiigsa techniques

I Luminescence experiments

The cathodoluminescen¢¥acobi and Holt 1986¢xperiments allowed us to get
information about a semiconductor materialitgyuay analyzinghe electronic transitions and
emission coming from defects or impurities by exciting the sample with at a high energy electron
beam inside the SEM. When exciting a material with an electron beam, the electrons from the
valence band argoited to higher energy levels of the conduction band when the kinetic energy is
around three times bigger than the band gap energy of the semiconductor. After thermalizing,
electrons recombine with holes in the valence band, releasing photons indheargssThese
photons are captured on a detector imaging the respective CL spectra.

The electroluminescence experiments gave information about the radiative recombination
of electrons and holes in thejunction by emission of photons under excitdijoan electric
current.Cathodoluminescence and electroluminescence experiments have been performed by Dr.
GwZnolZ Jacopin at CNR$Zel Institute. The optical properties of the AIN AhGa.N
nanowires were studied in the FEI Inspect F50 SEM. A HobibaYvon ihR 550 spectrometer
equipped with a Peltieooled charge coupled device detector and a 600 grooves/mm diffraction
grating was used for spectral analysis. Low temperature (5K) experiments were obtained by liquid
He cooling of the sample.

I Energy Dispersive XRay Spectroscopy

Energy Dispersive-Ray Spectroscopy (EDX) is a technique that provides information
about chemical compositions of specimens by elemental chemical composition quantification.
When an incident particle coming from a sourbeybfnergy charged particles strikes an atom
from the sample, core electrons from the inner shell are ejected, leaving a hole instead. Electrons
from the outer shells with higher energy fill the hole, the difference in energy being released in the
form of a X-Ray emission. The unique atomic structure of each element provides characteristic
lines corresponding to the K, L, M layers of an element, quantified by using @lispeesiye
spectrometer. The energies of thay§ are characteristic of theed@hce in energy between the
two shells and of the atomic structure of the emitting element. The integrated intensity is
proportional to the elementOs parameters, allowing the elemental composition of the specimen to
be studied.

The EDX experiments presedtin this PhD were performed by Dr. Eric Robimpiobe
corrected FEI Titan Themis equipped with four windowless silicon drift detectors was.

For a better interpretation of the experiments, the net intensities of N, Al adhéza K
were extracted frothe X-ray spectra using the QUANTAX0 software from BRUKER. The
X-Ray energies for Al, N, Mg and In are summariZéebla6 (Deslattes et al. 2005)
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Element |0 /0ab2| 0 ,/Gab2|yg/0ab2] y;/Gab2] y,/0ab2]| Y;4/Gab2
N 0.392 - - - - -
Al 1.486 | 1.557 - - - -
Mg 1.254 | 1.302 - - - -
Ga 9.251 | 10.267 | 1.098 | 1.125 - -
In 24210 | 27.275 | 3.286 | 3.487 |3.824.16| 2.913.11

Tablé. X-Ray energies for different elements

One important parameter that must be considered when analyzing an EDX spectra is the
geometry of the specimen. The photons emitted by deep areas of the sample are reabsorbed by the
surounding atoms, modifying the intensity ratios of the spectral lines.

A uniform geometry in terms of thickness is thus needed as well as a simulation of the
geometry impact on the spectral lines for a good quantitative interpretation of the analysis. In the
case of nanoscale samples, and more particularly nanowires, the lateral spatial extension of the
volume probed remains of the order of magnitude of the probe.

| Raman spectroscopy

Raman Spectroscopy provides information on the vibrational modes of GaddAIN
AlGa.N that are sensitive to the crystalline quality, stress and doping level of the samples
(Perkowitz 2012T his optical characterization technique is based on the inelastic scattering of light
by elementary excitations such as phonons and pdagrherStokeRaman scattering is based
on the energy and momentum conservation rule:

g =0p" O (70)

J = Je%Je (71)

Whereg, the angular speed, is related to the frequency of the incident (i) and scattered (s)
photon andl is the wave vector. In order to perform this kind of analysis, spectrometers with high
straylight rgection have to be used because inelastically scattered light and phonon energies are
small with respect to elastically scattered light.

The measurements and analysis of Raman data were done by one of this projectOs
collaboratordDr. Ana Cros from MatetgaScience Institute at thailkrsity of Valencia, Spain
The resultprovide information mainly on the Mg activation in the GaN and AIN material as well
as about the passivation state of this Mg atoms.

I Atom probe tomography

The Atom Probe Tomography taedue gives information about chemical composition
and atomic thredimensional repartition inside the sar(@&ult 2012)This time of flight mass
spectroscopy consistsapplying an electric field on the sample tip ionizing the surface atoms and
evaporating them. The evaporated atoms are collected on a detector and by considering the
position as well as the chemical nature of the atoms, a 3D reconstruction of thetesample af
evaporation can be obtained with a precision of 1 nm.
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The APT experiments presented in this chapter deeeeduring the PhD otynda
Amichi under the supervision of Dr. Adeline Grenier and Dr. Catherine Bougerol at the
OPlateforme de Nanocharacteoma® department at CBBRAC Grenoble. The Laser Assisted
Atom Probe Tomography experiments were performed by using a FlexTAP equipment at 73K

with an ultraviolet lasér< 343 nm) with laser frequency of 100 kHz.

I Positron annihilation

Positron annihilatiois the process of collision between an ele¢tfgrafid a positron
([ ®) -electron antparticle of equal mabst opposite chargeesulting in the emission of two
high-energy photong Y in the gammaays range (around 511 keV, as predicted by EinsteinOs law
of conservation of energf{rauseRehberg and Leipner 199%he equation illustrating this
interaction is:

[¢. [P V. ¥ (72)

The electrostatic interaction of a positron with the annihilation environment gives
information on the local electron density and atomic structure of the host material. The positron
annihilation radiation spectrum is highly influenced bgtéradtion with crystal defects in the
environment, such as vacancies, clusters or dislocations in the material. Both time and energy
parameters characterizing the positron annihilation process are sensitive to these interactions,

allowing one to get inforation on trapping centers concentration and as well as the type of the
localization sites.

In collaboration with Professor Akira Uedono from Tsukuba University in Japan, we have
performed a series of studies on Si and Mg doped NW samples to deterimiinertbe of
doping on vacandype defects formation.
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ISummaryof Chapter 2

This chapter was mainly focused on the description of the main experimental techniques
used during this PhD. After presenting the MBE growth technique as well as the sample
preparation used further in the manuscript, we have set the experimental conditions for the growth
of Al,Ga..N nanowires:

To summarize, the growth substrate for the samples prese¢hiednanuscript will be a
20Si (111) wafer with a resistivity lower th@@5 Ohm.cm, cleaned by using HFcagased
prior to the growth inside the MBE chamber. The NW samples will be grown either directly on
the Si bare substrate, or by using an AIN buffer layer reducingléme iilt and twist. AIN and
AlGaN NW gowth will be done on top of GaN stems, due to the particular growth conditions
of these two materials (high nucleation temperature required for AIN nanowire and formation of
a 2D Alrich layer betweeAlGa.xN nanowires due to the difference between r@ald
reactivity). Doping of the samples will be done by using Mg fetyie2 gnd Si for-type. The
morphological and structural characterization of the samples will be done by Scanning Electron
Microscopy.

My work implied also sample processing amdsttidy of electrical properties of the
junctions by a series of characterization techniques. The procedure for top electrode (ITO or
Ni/Au) deposition in the clean roomdsscribedn this chapter. The IV experimentalgeis
presented in detail allogialso the first analysis of conformity check of thenédal.

An important parof the chapter was théwcused on the different configurations of the
EBIC setup used during the studies of electrical piepeWe distinguish betweempra
amplificaibn setup allowing a direct imaging of the EBIC current and an essitt iocalization
of the junction by creating an EBIC catmapping of the sample amobanmeter saip with a
much higher current sensitivigyevanto extract and excite an widual nanowire.

The experimental conditions used for EBIC studies have a great impact on the results
interpretation, the equilibrium of the system being perturbed by the injected carriers. The
boundaries between low injection and high injection contliéieadeen established in the case
of wideband gaemiconductors (such as AIN, GaN as wélk@sy.«N).

We haveoncludedhat a trade is needed for experimental studies on nanowires, because
of the small interaction volume needed to look at an inalividnowire leading to high injection
conditions for minority carrier diffusion len§ftte have also explained the basis of the modelling
of the data and concluded on the limits and uncertainties related to quantitative EBIC experiments.

Finally, we haveresented other experimental techniques used further in the manuscript,
with less exhaustive details. Thus, we will often use correlatdeDFKE athodoluminescence
and Raman techniques in order to study the doping of the different materials. Rokitedioan
and Atom Probe TomograpfPT)techniquebave been usdar specific point of the studies
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3. Doping problematics in GaN
nanowires

This chapter will be dedicated to the study of dopant incorporation in GalRdpivg
and characterization of nanowires is one of the important steps in the achievement of NW based
LED devices. The mechanisms of dopants incatipo during growth of nanowinest being
well definedn the literature, it is crucial to have a better understanding of these mechanisms in
order to optimize the doping and thus efficiency of LEK&nsive research has been made in
our groupm the omprehension of dopant incorporation mechanisms in GaN NWSs.

These studies were the basfatofe work on more complicated systsuth as AIN and
AlGa.N. The results presented in this chaptes een presented in two publicatigBdadie
et al. 2018; Uedono et al. 2019)

ISi and Mg dopant incorporation in GaN

One important aspect of dopant incorporation is that increasing the abundance of the
impurity does natecessarilycrease its incorporation in the host matsial dopantnstead,
different phases can be favored, sudbramtion of clusters or complexes. Thus, solubility of
dopants is defined as the maximum concentration attained by an impurity in the semiconductor at
thermodynamic equilibrium. For instance, the solubility of Mg insGaled at2* 10° atcn®
by theformation of Mg\, complexes competing with incorporation of Mg accefMars de
Walle and Neugebauer 20@4)ncerning Si, theoretical predictions have shown that incorporation
of Si in epilayers induces roughness, crack formation and segregation on thetsar@ah of
material, limiting the Si incorporatfmior to complexes formatida a value of'510"° atcnt®
(Rosa et al. 2002)

However, state of the art literature shows3hdopings easily achievable in GaN NW
because of the high solubility and low ionization energy in the range of 30 toMQ std\V/
presents a couple offditilties related to the high ionization energy (between 150 to 220 meV)
yieldingalowionization ratat room temperature. Moreover, titgpe residual doping of intrinsic
GaN compensates thetype doping, a high incorporation of Mg is thus necessgaryype
conductivity achievement.

Point defects formation such as vacancies (mayténdf complexes (Mg, and MgH
complexes) is favorddr Mg doping, limiting freénole generation. These complexes are
compensation centers whose density increasasMg concentratioKaufmann et al. 2000;
VennZgues et al. 2002; Leroux et al. 2002)s, growth conditions such as an optimum growth
temperature andoderatel| rich conditions compensating theféfmation have to be carefully
chosen for a better ingmration of Mg
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It is important to specify that only Mg in substitutional site of tiret@@awvurzite lattice
can be ionized becoming electrically adfiwst of Mg complexes and clusters, as well as Mg
interstitials are not electrically active amsl ttie probability of formation of such defects should
be decreased as much as possible. Furthermore, incorporation of Mg on substitutional N sites is
not favorable forype conductivityfextended defects such as pyramidal inversion domains have
also bee found to affect the Mg activation at high Mg I€lzel®ux et al. 2004y he structural
and electrical characterization of MgedoGaN are equally required fetye conductivity
optimization

Figurdl a) Hole concentration variation as a function of Mg ceplaaat(atidjuegolanéblacl
Mgdoped GaN epilayidesdt al. 20LM) Acceptor ionization energy decreasing with accef
MBE grownptane GaNBfochen et al. 2013

Actually, two important studies have evidenced, so far, the Mg acceptor concentration
evolution with respect to Mg concentration inside the GaN material. A study on GaN epilayers
from the group of Professor Akasaltida et al. 20) shows that while increasing the Mg
concentration in GaN, above the solubility limit, the holes concentration becomes constant,
followed by a decrease. This effect was observed befiiame and-plane GaN epilayers, and
was assigned to the formataf defects such as clusters or inversion domains, as skaunen
41a.0n the other handkigure41b shows that while increasing the acceptor concentration in MBE
grown GaN epilayers, the acceptorzetion energglecreasesom 270 meV down to 30eV.

The study was publishbd Brochen et §Brochen et al. 2013jery high Mg doping could be
achieved in NWased optoelgonic devicegZhao et al. 2015bgading to the formation of a

defect band instead of an isolated impurity regime, which reduces substantially the effective
ionization of Mg with respect to the calsepitaxial layei®randt et al. 1994)he presence of

such a band of defects could be due to Mg accumulation just below the sidewall surface but is still
to be experimentally confirm@hao et al. 2015a)

By considering this two important informatiaur, work will be focused on investigating
the Mg incorporation in GaN material as well as answering the crucial question: why do nanowire
geometry help increasing the Mg conductivity in standard nitride materials?
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3.1.1Advantages of nanowire structures

As statedbefore one of the most importaativantagesf nanowire structui@mes from
the large surface bringing two important aspects into play: firstly, the structural strain relaxation on
the lateral planes allows the incorporation of a higher concentratapantfs. Secondly, the
surface electronic effect is different from the bulk case, due to the surface band bending. Indeed,
the formation energies of defects and impurities are dependent on the Fermi level. The space
charge carriers and surface statedyrbdiFermi level with respect to the band edges, known as
Fermi level pinning, decreasing the formation energies of defedaréatd®ernot et ak014)

In GaN nanowires, the available surfaces@kacplane and m nguolar planes and the
exposure to incoming dopant fluxes is done under a certain angle. The absence of extended defects
and the eased elastic strain relaxation is expectedr tdofamg, which is known to result in
tensile strain in -Bpoped GaN layerdee et al. 1998; StnckRdzamo et al. 2001; Chine et al.
2006)and NWgCalarco et al. 200&) compressive strain in Mgped GaN laye(Kirste et al.
2013; Flynn and Lee 201Hpwever, the question of doping spatial inhomogeneities in NWs is
stillopen.

ISi doping of GaN nanowires: inhomogeneous
distribution and solubility limit

The incorporation of Siin GaN nanowires has been studied in detagrnoupuduring
the PhD of Zhihua Fan(rang et al. 261 The study was done on different GaN nanowires doped
at different cell temperatures and gaterestingesults regarding Si dopant incorporation in
nanostructures.

Figurd2 a) Top view cross sectieXXeén indiidual Sloped GaN nanowire doped at a
temperature of 938;C and diametral Si concentration profiling corresponding a8t
b) Top view cross sectElDXR TEM and SEM on individudbfed GaN nanowire d@peoie
cell temperature of 950;C and diametral Si concentration profiling sh¢#amy a&SalsefE
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Figure 42 illustrates a crosection top vievhigh resolubn HR) EDX profile on
individual NWs. First profigigured42a) corresponding to Si and Ga atoms mapping in a NW
doped at a Si doping cell temperature of 938jC, shows a homogeneous distribution of Si along the
nanowire diameterith a concentration of 20atcm®. However, at a higher Si doping cell
temperature (950;C) such as in the case of thef Rigure42b, an inhomogeneous distribution
of Si atoms was observed. For this particular case, tineeBitiaion quariied by EDX was
determined to vary from 2.83°atcnmi® in the core of the nanowire up to"6l8° atcm?® on the
outer part of the nanowire on a shell region of around 17 nm. Two remarkable results can be drawn
from this study:

Firstly,the segregation of Si onptanes at high dopirglltemperatures was associated
to a tensile strain relaxation in nanowires, confirmed by Raman experiments and predicted by
theoretical studies for growih N-rich conditions(Rosa et al. 200Zecondly, the high Si
concentration in the core of the naire of 2.8 1¢° atcm® at the plateau region was assigned to
a Si solubility limit in NWs, which is higher than the theoretically predicted value of di@und 5
atcm? for the case of GaN epitaxial lay@esa et al. 2008uch an inhomogeneous dopant
concentration in NWs is of primary importanctisiexpected to affect their electrical properties.

Mg-doping of GaN NWs: understanding the
incorporation mechanisms

After focusing on Si doping of GaN NWs and elucidating the segregation mechanisms at
high doping, our research was oriented towards dieestanding of the more complicated Mg
doping.Mg tends to segregate on thgane(Sun et al. 20Q&nd slightly Mich conditions and
low growth temperature improve Mg incorporation. Thé falds for nplane, for which
enhanced Mg incorporation with respectptane has been demonstratedncN conditions
(McLaurin et al.@5) Since GaN NWs, which are grown imrith conditions, are currently
exhibiting rplane side walls, Mg incorporation is expected to be favored on their sides rather than
on their top. Similar to the case ed&ing(Fang et al. 201 %he question then arises to determine
if Mg is homogeneously inporated in the volume of the NWs, an issue of practical importance
to fully control the optoelectronic/electrical properties of nitbdded devices, including NW
based LEDs.

3.3.1Atom Probe Tomography analysis

Such a requirement implies to use a techniqadle priovides thredimensional maps of
doping impurities with atomic scale resolution, similarly to the Si profiling in GaN NWs. However,
for the study of Mg homogeneity, we have decided to use laser assisted atom probe tomography
(APT), a particularly wehdapted technique that has been successfully applied to B content
determination in Si NW®erea et al. 2008 et al. 2008nd P in Ge M/s(Perea et al. 2008)
Concerning IHnitride materials, the pioneering work of Agrawal has highlighted the
experimental challenges faced when analyzing GaN NWSs, opening the way to perfativequant
Mg content determination in Mgped GaN NWgqAgrawal et al. 201The resolution of
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detection of Mg atoms in GaN material of this technique'id@f atcm?®. The APT experiments
were done at CE&renoble in collaboration with Lynda Amichi.

I Samples presentation

3.3.1.1.1 Growth conditions

The GaN NWs stdied in this chapter were elaboratdéiIBE in our epitaxy machine
described in detail in Chapter 2. Even if we were mainly interddtpdopant incorporation,
the samples structure consists phjanction grown along theasis on a 20 Si (11Hfev, n
doped with As, thatagfurther used for electrical experiments.

The results of #s8APT experiments were mainly performed on two samples grown under
nitrogenrich conditions with a radio frequency power oM8@0r the plasma cell and aflNx
of 0.6 sccm. The Ga/active N flux ratio was 0.31. fgrendopig, a temperature of 900;C was
set for the Si effusion cétbr p-type doping, Mg was used with an effusion cell temperature of
240;C.

Figurd3 a) Top and$i@é view SEM image of sample #1 (N2495)

0%Sample #1 (N2495) was grown byang during her PhD (INAC, CEA/NZel Institute)
and was used for this experiment due to the particular geometry of the nanowires. Substrate
growth temperature was changed from 890;84@C for the n and p parts of the
junction, respectively, to improve Mg dopant incorporation. The length of sample #1
(N2495) is estimated from SEM imagésgare43 and is of the order of 2@n, with
1 um corresponding to ¢hndoped GaN and 1.@m to the upper jloped section.
Diameter varies along the growth direction ofvines ranging from 70 nm for the Si
doped part up to 140 nm in the ligped partlikely assigned to the Mg incorporation
effect(Yoshizawa et al. 199
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Figurd4 a) Top and b)side view SEM image of sample #2 (N2714)

0%Sample #2 (N2714) was grown at a constant substrate temperature of 810;C. A thin AIN

buffer layer of around 3 nm was deposited in this case prior to theofi@afthsection

to prevent the iplane tilt and twist of the wires. It has to be noted that with or without
AIN buffer layer, it has been previously demonstrated that GaN NWgk=dted on Si

mostly exhibit Npolarity(Auzelle et al. 201Blestroffer et al. 201 5p that no difference

in polaritydepenént Mg incorporation is expected from one sample to andttiée

sample #1, the rotation during growth of sample #2 was turned off. During a growth
without rotation, the nanowire is facing the doping cell in the same configuration, resulting
in an inhomgeneous repartition of atoms. Top and side view SEM images of sample #2

are given ifrigured44 Total length of sample #2 is of P, with equal sizes for the n
and p parts of the sample, as estimated from SEM ,iwm@agesdiameter ofaround80
nm.

The summary of the growth conditions is presenieabie?.

Sample no| Sample name| Ga flux (ML/s) | Mg cell temp (jC) | Substrate T (jC)

#1 N2495 0.1 240 840

#2 N2714 0.09 240 810

Tableg. Growth conditions
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3.3.1.1.2.Nanowires preparation prior to evaporation

In order to be evaporated, individual nanowires have to be carefully extracted from the
samples and assembled on the APT holder. For each sample, a single NW has been extracted from
the substrate by Focused lon Beam (FIB) preparation in a Strata DB 400S system from FEI, and
mounted on an APT holder, following the specific procedure descrisllimgetal (Koelling
et al. 2017)

It has to l# noted that individual nanowires extraction from the growth substrate is a
delicate process and breaking of the nanowires occur often. Since the evaporation process in APT
requirs a needlshape of the sample in order to promote the field evaporasioriamfe atoms,
the individual NWs were then milled at low energy. In order to minimized&tBd artefacts
and Ga contamination during the cleaning process, the final milling voltakié, wam®icantly
below the %V value identified by Tang etas.an upper limit of this contaminatidang, F. et
al. 2015)This preparation step was done by Nicolas Mollard from CEA Grenoble and the SEM
image of a nanowire from sdenffl is given ifrigure45 An initial tip radius of the specimen of
35 nm and a tilt angle of the nanowire with respect to the APT holder of 5; were measured on the
final SEM picture taken during the FIB preparation.

Figurd5 SEM image of the NW prior to evaporation on an APT sample holder after FIB and milling

I Results: Mg atoms distribution in GaN NWs

The Laser Assisted APT experiments were then performed by using a FlexTAP equipment
at 73K with an ltraviolet lasert € 343 nm) with laser frequency of 100 kHz. The applied laser
energy was 2.4 nJ and the evaporation flux was maintained constant"at @haton¥s/pulse,
with a large field of view of 60j. These conditions were chosen in order lmagelectric field
at the sample tipivhich ensures the optimum accuracy in thsitdél fraction occupancy
determination (i.e. Mg/(Mg+Ga) ratio) as well illustrated by RigaiRigutti et al. 2018pne
of the main advantages of APT experiments comes from the fact that it is possible-to get a 3
dimensional reconstruction of evaporated atoms coming from the sample, by using a geometric
reconstruction algorithm leason the initial tip radius and the shank angle (tilt) measured prior to
the evaporation.
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3.3.1.2.1 Atoms distribution analysis in sample #1

APT reconstructions have been obtained using Tap3D software from CAMECA supplier.
In this reconstruction, only Mg and 1%saf atoms are shown for the sake of visibility.

Figurd6 a)3D b)side argjtop view of atom probe tomography map of Ga (red) and Mg (blue) atoms o
#1. d) Mass spectra in the shell of the NW showing theafpeseand a& Mg®dass spectra in
the middle region of the NW showing no presence of Mg isotopes with no noise limit increase.

Figure 46a presents the 3D reconstruction of Mg and Ga atoms after evaporation
corresponding teample #1. The side and top views represenkagure4@ and dhave been
extracted from this 3D mapping of atoms distribution. The clear evidence of inhomogeneous Mg
atoms distribution along the nanowire is shown by the wpasography. Due to the increased
Mg atoms distribution on the outer part, we have associated the structure of the nanowires to a
OcoreshellO like. Further investigation was done by manipulating a cylindric volume of the
reconstructed 3D mapping in ttee and shell regions respectively.

Mass spectra extracted from these respective volumes are [jiyeredtd and e as
indicated by the dashed circles on the top vi€igume46. In Figure4&d, the mass spectrum
corresponding to the shell region of the nanowire is represented for Mg, N and Ga atoms. Besides
peaks corresponding to Ga and N species, the 3 peaks observed at 12, 12.5 and 13 a.m.u.
respectively are attributed to*Mgnd its isotopes, namétyg?*, ®Mg?*, and*Mg*. One
important observation related to Mg isotopes peak relative intensities is that they do not reflect
those expected from their natural abundance, 78.99%, 10% and 11.01%, respectively. Indeed, the
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peak at 13 a.m.u. is greater than expected and is attributed to the forrffitigi*gfwhich is

more thermodynamically stable tKamgH" according to Songt al (Song et al. 2004)he
presencef #MgH?* molecular ions and its isotopes is either coming from the sample or from the
evaporation chamber. Indeed, hydrogen being inevitably present in the chamber may recombine
with Mg during evaporation process. It should also be mentioned thatexpeumental
conditions, posibnization of Mg during evaporation is strongly favorable, which explains why
only Mg* but not Mg are detecte(Kingham 1982)he clear Mg atom swlensity in the core

of the nanowire in the tepew reconstructed map was also confirmed by mass spectrum taken on
the cylindric vimme considered in this region. Contrary to the shell region, in the case of the core
region Figure4ée), no M§ peaks are detected at their expected positions in the mass spectrum,
only peaks corresponding to N and Ga beingmireshusthis doesot imply the complete
absence of Mg in the core region, but we conclude that the Mg concentration in this region is below
the detection limit of the APT technique, and clearly inferior to that found in the shell of the NW.

Figurd7. a) Ga2+/Ga+ ratio 2D map of a sampling volume ndicdt@damaluating the low influence

of the electric field during the tip evaporation on the observed inhomogeneityigi(tigMapdlistribution. L
ratio 2D map, obtained for the same sampling volume evidencing an inhomogeneous distribution o
a Mgpoor region in the core. ¢) The concentration profile of Mg calculated perpendicular to the NW a
arrow represeastts the slice volume in the inset and the direction of the profile.

One important artefact has to be considered when evapoisgmganductoby APT
and analyzing the 3D atoms distribution on the detector. The crystal lattice of the material
accommodateto an equilibrium shape during field evaporation, creating a pattern of poles and
lines commonly known as Opole effectO. The electric field distribution in the material can determine
such an effect, changing the atoms reconstruction on the deteadwolitiescrystallographic
orientationDe Geuser et al. 2007; Gault 2012)
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In order to exclude this artefact related®RI experimental conditions, the*®aa*
ratio was mapped in 2D kiigure47a for the total volume indicated in the 3D reconstruction in
Figured€a The ratio maps have been calculated from reconstrolcterts using a homeade
Matlab program. It has been reported in the case of nitride semicor{Bugtttiset al. 2016)
that this ratio is directly related to thergith of the surface electric field, otherwise not measurable
(Bonef et al. 201(Mancini et al. 2014hdeed, important changes in thé*@a"* ratio allow to
evaluate the influence of the surface electric field during the tip evaporation on the observed
inhomogeneity in the Mg distributiftigure47a shows a homogeneous ratio betweéha@d
Ga" with values below 0.05, which is the criterion reported by Koelligigaliahg et al. 2017)
for low field conditions suitable for good accuratyeitil-site fraction occupancy determination.
However, a thin and elongated area close to the left side of the reconstruction st a Ga
ratio higher than 1, probably due to the sample tilt from detector axis. This otherwise rather good
homogeneitindicates that possible Opole eff¢BisGeuser et al. 200#@ve been minimized in
our experimental conditions and can be neglected.

However, quantification of Mg in the GaN nanowires is difficult because ieldhe f
conditions used for this experiment. Indeed, when low field conditions are useditfwielll
evaporation, the metal/N ratio is largely deviated from the nominal value of 1, likely due to the
thermal desorption of nitrogen agfdutral moleculé&ault et al. 201@flancini et al. 2014he
doping level can be approximated by censgl the Ilisite fraction occupancy Mg/(Mg+Ga)
ratio. This ratio was mapped in 2DFigured b, and confirms an inhomogeneous distribution of
Mg atoms with a Mgoor region in the core. The correlated observatidinguo®4 7a and~igure
47 allowed us to completely exclude surface electric field effects responsible for unequal
evaporation of metal/N species. Indeed, the difference in the field distribution deduced by the
Ga&*/Ga* mapping with respect to the Mg/(Mg+Ga) atoms repartition cantfiran the Mg
spatial inhomogeneity in the evaporated sample is an intrinsic feature of the specimen prior to the
evaporation.

We have further quantified the Mg concentration along thes @@dthe nanowire
presented ifigure47c, by considering a sampling volume given in the inset. The outer region of
the sample was not taken into consideration to avoid an overestimation of Mg due to the above
mentioned lack of liability. From the composition profile showRigured7c, it can be seen that
the Mg/(Mg+Ga) ratio reaches 0.8% at the periphery of the NW. If we consider that all Mg atoms
are located on substitutional sites, an approximatedrdentration of 3:4L.¢° atcn® can be
deducedHowever, in the core of the nanowire, this ratio approaches 0.1%, but no quantitative
information can be drawn from the data in this region, since the value of the Mg/(Mg+Ga) is
assigned to an upper limatated to the detection limit of the technique.
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3.3.1.2.2 Atoms distribution analysis in sample #2

In the same way, an individual nanowire from sample #2 was prepared and evaporated at
similar evaporation conditions.

Figurd8 a) 3D vtumend Jtop view of atom probe tomography of Mg (blue) and Ga (red) atoms in ¢
#2 (without rotation) showing an inhomogeneous distibatiorapcyadia showing spatial variations
in the evaporation field partially corresporadiabinbon@ogieneity in the Mg distribution.

The 3D reconstruction of Mg and 1% of the Ga atoms is sh&igumne4&, whereas the
top view map is given kigured&. As in the case of the previous samapgisar inhomogeneous
distribution of the Mg and Ga atoms is evidenced in this sample too. However, contrary to the
case of sample #1, a lower Mg content is observed at the bottom part of the top view,
corresponding to one side of the sample, withoutalwell distribution as in the case of sample
#1. The G&'/Ga* map ratio ifFigure4& allows once again the exclusion of an artefact introduced
by inhomogeneities in the evaporation field, whereas the comparison betweenappitgs m
in Figure4& and c reveals that the spatial variations in the evaporation field do not fully
correspond to the spatial inhomogeneity in the Mg distribution and therefore cannot account for
them. In particular, a Mg conténgher on the top right part compared to the bottom part of
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Figure4& is observed whereas no significant variation of the evaporation field is noticed between
these two regions Figure4&c.

Due to the pecific growth conditions without rotation of the substrate during sample
growth, we assign the higher Mg concentration on one side of the NW to the sample facet exposure
to the dopant flux and a preferential incorporation of Mg on theaideof the NWstructure.

This over density of Mg only on one side of the sample should not be observed if the Mg was
incorporated only on theptane, neither in the case of a dopant segregation as in the case of Si.

Figurd9 a) Local sttue of a wurzite GaN lattice showing the distortion around a Mg atom in substitt
site. b) Mg complex in a wurzite GaN lattice. c)Formation energy as a function of the fermi level d
Mg, Méd and H formation in GaN showing a lowéfansaggrofor-Mgomplexes with respect to
substitutional Mg (Lyons2éx12!

The hypothesis that Mg preferentially incorporates on-ghiane of a wurzite NW is
reinforced by the theoretical considerations of Nor{iNaghrup 2008)n which he states that
under nitrogen rich conditions, the Mg ricplame surface is stabilized by H.

The dominant surface of GaN NWs beinglanes, these considerations are in good
agreement with owbservations. In this model, one of the Ga in th&l Garface dimers is
replaced by Mg, whereas the nitrogen binds to H, the local structure of GaN wurzite being
represented ifrigure4d® (Lyons et al. 2012Therefore, it suggests that Mg is incorporated
through the nplane NW sidewalls leading to a higher density of Mg in the periphery while its easy
diffusion(Ptak et al. 200&rtually prevents it from accumulating in the vicinity of the surface.

Such a Mg dopinmechanism, specific to nanowires, may lead to higher levels of Mg
doping than in layers, boosting the potential interest of nanowires for light emitting diodes
applications. Nonetheless, this also suggests that H, stabilizing the Mg surface reconajructio
be simultaneously incorporated. Indeed, the formation energyHafdvitplex as represented in
Figured< is lower than that of a Mg atom in ss@astitutional site, the complex formation being
favoredwith respect to accep incorporation.

We then suggest that, as a consequence, the NW morphology, with a large value of m
plane/cplane surface rafigs favorable to promote a hydrogesisted Mg incorporation
mechanism typical of-ptane behavior. The formation of 4Mgconplexes is then expected
concomitantly with Mg incorporation.
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3.3.2Mg concentration quantification by EDX

Quantification of the Mg concentration inside the samples was also verified by additional
Energy Dispersive-Ray Spectrometry (EDXS) experiments, peefbioy Eric Robin at CEA
Grenoble. Thaletection limit othis technique for Mg concentration in GaN is &F d@nt®
(Robin et al. 2016Fppectra were acquired with a duratiorE@d Bnin at 250 000 counts per
second.

Deconvolution of Mg Kine (1.25 keV) and Gadlibhes (1.01.12 keV) were performed by
normalizing the spectra to a pure GaN refergmeetrum acquired under the same conditions.
Mg and Ga concentrations were quantified using pure MgO, GaN and GaP as reference spectra
and concentrations are corrected fiAR effects gtanding foatomic number (Z), absorption
(A) and fluorescence (Fjeets) The entire procedure was tested witkdbfged 2D GaN layers
previously measured by secondary ion mass spectrometry (SIMS) and having concentrations
ranging from(1BL0Q" 10" atcm”®(Robin et al. 2016)

Besides samples #1 and #2, two additional samples were grown on a Si (111) substrate, on
which an AIN buffer layer was deposited prior to thetlgrof the GaN section. A substrate
temperature of 810;C was maintained constant throughout the gradafled3tems were grown
using a Ga flux of 0.09 ML/s and a N flux of 0.25 ML/s, i.e. a Ga/N nominal flux ratio value of
0.36 and a Si effusion cethperature of 900jC. However, in steady state condiliensel
regulation of NW diameter is resulting in a Ga/N ratio value on top close to stoichiometry
(Ferntndegtarrido et al. 2013 fter completion of the $iloped GaN stem in established steady
state regime, the Mipped section was grown using a Mg effusion cell temperature of 240;C, with
a Ga flux of 0.06 ML/s (sampi8 N2721) and 0.143 ML/s (sampeN2720), i.e. in Mich and
Garich conditions, respectively, in termsftdcti@a/N flux ratio value with respect to the Si
doped stem.

Figur®Q a) EDX intensity spectrum of sample #2 in blue with respect to a reference spectrum b) |
intensity of sample #2 with respect to the reference spedebfitimjuthameak at 1.25 keV for Mg
concentration quantification.

The XRay spectrum of each sample was normalized with respect to that of the reference
sampleKigure50a). After normalization, the peak corresponding to Migecdirectly fitted and
appears clearly with respect to the noisgure5M. This fitting allows the quantification of Mg
concentration inside the nanowires.
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The corresponding Mg average concentratieach of these sampdgmntized by EDX
experiments on individual nanowires is summariZedbles.

Sample no Sample Ga flux (ML/s) | Mg concentration (at.crm?®)
#1 N2495 0.1 (1.7&0.11) 1¢°
#2 N2714 0.09 (2.1%0.32) 10°
#3 N2721 0.06 (4.0%0.37) 10°
#4 N2720 0.143 (2.4%0.38) 10°

Tablé. Summary of estimated Mg concentration

An average value of the Mg concentratioflo#0.1) 1¢° atcm® was found by
integrating the periphery and the core of the NWs in the caseptd $ann good agreement
with the aantificationgiven by APT experiments, which was of 13 atcm?® The
concentration of in sample #2 was found to be off@.32) 10°atcm?®, whereas that in samples
#3 and #4 were estimated at (4M37) 10° a.cn® and (2.450.38) 10° atcm®, respectively.

The increase of Mg incorporation by a factor of 2 for a Ga flux of 0.06 ML/s is consistent
with the improved Mg incorporation oiplane and Aplane GaN layers grown by MBE in N
rich conditions. In partitar, it has been established by McLatiahthat for mplane GaN layers
Mg incorporation was 5 times higher in moderateighNconditions than in G&h conditions
(McLaurin et al. 2005)

Although qualitatively in agreement with these results, the Mg incorporation rate
improvement found in NWs is significantly small. This can be tentatively assigned to reduced
impact of growth conditienon the local stoichiometry of NW sidewalls. Indeed, NW growth is
mostly governed by Ga diffusion along the sidewall to the top, which is expectesbtdatelf
the amount of Ga present on thehane sidewalls. Also, the stabilization eHMegconstcted
surface is expected to reduce the effect of Ga flux fluctuations resulting in the Mg incorporation
rate being poorly dependent on such fluctuations. The investigatioil aolglexes present
in the sample is required.
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3.3.3Raman characterization

One way of checking the presence of-Wignodes that validates the hypothesis of
simultaneous incorporation of Mg and H in the NWs is by Raman spectroscopy. The experiments
on asgrown and dispersed nanowires were performed by Prof. Ana Cros from the Materials
Science Institute at the University of Valencia, Spain. The spectroscopy experiments were
performed in backscattering configuration using the 532 nm line of a laser diode as excitation
source. A Horiba Jobin Yvon Xplora spectrometer equipped with acBelgdrcharge coupled
device detector and 1800 grooves/mm diffraction gratings was used for spectral analysis. A 100x
microscope objective focused the excitation laser on the samples and collected the scattered light
to the spectrometer.

Four different adtional doped NW samples, grown under similar conditotist
previously described, but with different growth temperatures and Mg doping cell temperatures
ranging from 230;C to 250;C have been studieejioas configuration and are summarized in
Table9.

Sampleno | Sample | Ga flux (ML/s) | Mg cell temp (jC) | Substrate T (jC)
#1 N2495 0.1 240 840
#2 N2714 0.09 240 810
#3 N2721 0.06 240 810
#4 N2720 0.143 240 810
#5 N2689 0.09 240 775
#6 N2676 0.09 230 730
#7 N2686 0.09 240 753
#8 N2671 0.09 250 725

Tabl®. Growtltonditions summary

Figur&l a) Raman spectrum of typical GaN NWs doped with Mg. The upper spectrum (black) is te
the agrown ensemble excited alomngitdhe axis (z direction). The lower spectrum (blue) is obtained frc
single NW (or few of them) dispersed on graph#edartigurérion b) Integrated intensity of the three
main Mgl modes vs. the intensity cGhendde at 6561cBoth intensities have been normalized to that
of the E2h mode. Samples #1 and #2 analyzed by APT correspond to the red (up) and blue (dow
respectively. Black dots correspomndtestimes presented above.

Raman spectra for sampleaf asgrown ensemble (upper spectrum, black) and dispersed
configurations (lower spectrum, blue) are showigime5la The Raman fand the ATO)
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modes assigned to GaN strain appear in the spectra according to the Raianrideke
However, these modes are different fegraen and dispersed configurations. Although
forbidden in the x(;x configuration by the Raman selection rules of the bottom spectrum (blue),
the A(LO) mode is clearly observed, probably due wigheder introduced in the GaN lattice

by the Mg atoms.

The peaks associated to the incorporation of Mg in the GaN lattice are similar in both
spectra. They appear at 140, 260 and 65@ocrivg in substitution to Géaschner et al.
1999jKaczmarczyk et al. 200@hilethe feature observed around 2170 ismassigned to Mg
complexes with various configurati@sandt et al. 1994)lhese MgH modes are of particular
interest since they have been previously obserdBIE-grown 2D layers with a Mg content
larger than 110" cnt® (Brandt et al. 199&aschner et al. 1999 owever, they are absent in
MOCVD-grown samplesithout annealing treatment. After thermal annealing at 700;C, these set
of lines built up with a relative intensity similar to what is observeddop&tbhGaN NWSs,
associated to an increase of hole concentration according to Harima and ¢bladrkarst al.

1999)

As a matter of fact, it is well establidhethe literaturand we have discussed in Chapter
2 that the formation of Mgl complexes is responsible for the potype doping levels of
MOCVD-grown layers. Activation of dopant by dissociation of these complexes by electron
irradiation(Amano et al. 1989; Isamu Akasaki et al. ¥9%ig¢rmal annealir{lakamura et al.
1992hb)is requiredIf considering that dopant activation by thermaaing of MOCVD layers
leads to a rearrangement of-Nigomplexes associated with the building up of a set of lines
around 2170 crp the presence of these modes on unannealed NW samples is a clue that the
specific structure of associatedHAigpmplexess not detrimental to Mg activation.

Since the intensity of these-Mignodes is an indicator of Mgtivationinside GaN
material, the intensity of the 656'dime versus the integrated intensity of the three main peaks
related to Mgd complexes is remented ifrigures1b for the 8 samples. In all cases, the intensity
of the peaks has been normalized to that of sh@dtle, giving the bottom axis of figure
51b. The linear variation of the Mignodenormalized intensity with respect to that of Mg mode
at 656 cmclearly shows a correlation between H and Mg incorporation. Based on the intensity of
the 656 cmline associated to Mg, the Mg content in the samples has been estimated. Based on
the calibation performed by Kamimuead (Kamimura et al. 201foy Mg dopedsaN NWs, the
Mg concentration can be obtained by multiplying this intensity with the scaling factdr(®8= 7.8
cm®. Since the Raman intensity is sensitive to the volume of the sample, another precaution has to
be taken when quantifying the Mg conceatratvhich is considering the contribution of the Si
doped lower part of the sample. A factor of 2 has thus been considered, the scaling factor being
25=15.6 1¢° cm?®. The values obtained for Mg content are shown in the upper $tglaref
51b. The Mg content determined by Raman analysis of the Mg associated modes valiés$ from 1
cm® up to 2 10° cnm®, with a major role played by growth conditions, consistent with EDXS
studies.
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3.3.4Conclusion

This study of Mg dopant spatial dosttion in GaN NWs helped us in understanding the
incorporation mechanism of Mg, preferential on tp&ame sidevalls. However, this mechanism
results in a marked radial inhomogeneity of dopant in NWs, but, thanks to the eased diffusion of
Mg atoms, withut formation of clusters that could decrease the doping efficiency. Thus, due to
this NWspecific feature resulting from their morphology as well as to thegiagterto glane
ratio,it is expected to obtain higher levels of Mg doping in NWs tineir itihin film counterpart.

This feature is consistent with the possible formation of defect bands enhancing the hole
conduction and makes NWs of potential interest for the realization of practical optoelectronic
devices, in particular for deep UV emissppilications.

Another important conclusion of the study is that the Mg incorporation is assisted by H
due to this complexO high stability in N rich conditions, coherent with theoretical predictions, with
a considerable fraction of Mg dopants formingdiMgmplexes.

Nacancy defects study by positron annihilation in
doped GaN NWs

Increasing the dopants concentration in GaN material also favors point defects formation
and most notably, nitrogen vacancies. Even though nitrogen rich growth conditions limit the
nitrogen vacancies formation, the probability of formation of vacancies is not totally excluded. One
way of probing vacantype defects in GaN NW is by positron annihildf@auseRehberg and
Leipner 1999; Tuomisto and Makkon€el320

The study and understanding of point defects formation is extremely importantfor GaN
based optical and electrical dayvisence they act like nomdiative recombination centers
degrading the performance. Indeed, the NWs geometry is bendffieia¢tiuction of extended
defects density as well as to the increase of solubility limit of @&maatsal. 2008; Nguyen et
al. 2012a, b; Fang et al. 20B8cause vacantype defects act as carrier pensation and
recombination cente¥an de Walle and Neugebauer 2@@éwledge on the behavior of
vacancies is crucial to improve the crystal quality and optoelectronic properties of GaN NWs,
further increasing the external quantum efficiency of GaN NW based.devic

Professor Akira Uedono from Tsukuba University in Japan performed positron
annihilation experiments on a series of Si and Mg doped NW samples stutighe/enfluence
of doping on vacangype defects.

3.4.1Positron annihilation technique

The interetsof positron annihilation experiments in vacyyy defects comes from the
sensitivity of this particular technique with respect to point defects, allowing low concentrations
detection and classification of the vactypey based on the positron anatioh radiation
spectrum. Free positrons in the crystal lattice of a matestbngly repulsed by positive ion
cores and attracted by negative and neutral ones. While vacancy defects act as attractive center
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inside a material, the vacant latticansttee crystal lattiage responsible @fapping the positron.

To annihilate, thgositron needs to collide with an electftwe missing valence and core electrons
around the vacancy site have a great influence on the electron momentum distribetion in t
sampleas well as on the positron lifetime.

The study of positron annihilation by vacayoeg defects in this section is based on the
electron momentum distribution in the sample (known as Doppéetening spectroscopy of
the 51XkeV line) by usingmonoenergetic positron beam, with an irradiance of about 10 fW/cm
(KrauseRehberg anteipner 1999)Ihroughout this section, two parameters will be constantly
evoked when talking about annihilation events:

¥9% TheSparameter defined as the fraction of annihilation events over the energy range
of 510.28611.76 keV,

¥% The W parameter, defined ¢he fraction of annihilation events in the ranges of
506.48608.72 keV and 513E585.56 keV.

Information about the annihilation sites of positrons can be determined from the (S,W)
parameters. The Doppler broadening spectra for the delocalized dfatetrapged states in
typical vacancies and vacancy impurity complexes (oxygen and hydrogen) were calculated by using
QMAS (Quantum MAterials Simulator) c@dhibashi et al. 2007; Ishibashi and Uedono.2014)
TheoreticalgW) values for the annihilation of positrons in the delocalized statef(defézF),
vacancy complexes betw®en andV n, [(V cam(V n)nl, V ca cONtaining hydrogen atoms denoted
as (H)cs and vacaneynpurity complexes such Vs.On, V c(On)s Were calculatey Prof.
Uedono The comparison of these theoretical values to those determined by Doppler broadening
spectra for each sampla iway of identifying the main vacaypg defects in the samples.

Since the properties of the hydrogendtgavith one or two hydrogen atoms, such as the
transition levels in theand gapare not so much different from thos& ef, they act as accept
type defects. Because the positron trapping rate fortgipaatefects is smélrauseRehberg
and Leipner 1999%e mainly consider hydrogenategand vacancy clusters in the present work
When hydrogen atoms are located insidsHtthe §W) value tends to approach the value for
defectfree GaN with the increase in the nundfdrydrogen atoms Mc.. Thesame is true for
vacancy clusters coupled with multiple hydrogen atoms, sugB:@&uHand (H)ca(V n)s.

3.4.2Bamples presentation

For this study, a series of GaN NWs doped with Si and Mg at different cell temperatures
were gown by plasmassisted MBE on a low resistivity 20 Si (111) wafer used as a substrate. The
cleaning and annealing processes prior to growth are the same as d&suiloefl. in4.1.2An
AIN buffer layer with a thickness3im was deposited prior to the growth ofithies During
the growth of the NWs, the substrate temperature was keptGt8a@éma cell radio frequency
power was set to 600W with afiNx of 2.5 sccm, with a Ga/active N nominal flux ratio of 0.3.
The nanowires were doped by exposing the samplesdaooa $ Rux. For the-fgpe doping
series, the Mg cell temperatures were 220 (Mgl), 240 (Mg2), 260 (Mg3y; &vd23Whereas
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for n-type, the Si cell temperatures were at 900 (Sil), 920 (Si2) G(8i®4An undoped sample
(V) grown in same comidns was used as a reference sample in the annihilation experiments

Figur®2 SEM side (upper images) and top views (bottom images) of all samples studied by positror
The scale line in red correspondsstdel wevicand 200 nm for top view.
Top and sidesiew morphology variations were observe®&BW (ZEISS Ultra 55
microscope)rigure52 shows side and top views of all of the GaN NW samples. A high density
of nanowires is requireat high level signal during experimental stud@ssadfons annihilation.
For this purpose, coalesced nanowire region of the samples was chosen. Using the top view of the
SEM pictures the surface covering rates of the GaN NWs were calculated amdirarEagiee
4. After the growth, the samples were annealed @ti808, atmosphere for 10 min. From the
SEM pictures, the length and diameter of the NWs were estimat@da@hpen and about 100
to 200 nm, respectivelablelOsummarizes theell doping temperature and the covering rate of
each samplgsed for this study

Sample Sample Cell temp (jC) Covering rate

U N2980 - 0.71
Mgl N3005 220 0.93
Mg2 N3004 240 0.98
Mg3 N3017 260 0.87
Mg4 N2986 280 0.96

Sil N2997 900 0.9

Si2 N2993 920 0.80

Si3 N3016 945 0.77

Tableé0. Doping cell temperature and covering rates
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3.4.3Mg-related vacancies by positron annihilation

The effect of positron energy on the annihilation probability was studied for tleglundop
sample as well as for two Mg doped samples (Mg2 and Mg4). AjtidWiREsaN layer was used
as a reference for bulk layer, and experiments were performed in darkness and under illumination,
to get information about the optically active defects in thevinesio

Figur®3 S parameterafasction of incident positron energy E for undoped sample r
and under illumination (blue and red dyrabolek r Mg doped samples at 240;C ar
given in purple. HVB&N profile is given as a reference in black.

The mean implantation depth of positrons is related to the positron energy, thus
information about the annihilation localization can be extracted from thiSistedthe covering
rate of the nanowires is not 1, the positrons annihilationSn ghbstrate has to be considered.

Figure53shows thé&values of the GaN NWs grown on the Si substrates as a function of
incident positron enerdy. When considering the HVREaN, the increase of tisevalue with
decreasing imgohtation energy shows a diffusion of positrons towards the surface. The total
annihilation of positrons can be deduced from the experiments at energies high&ethan 15
yielding a GaN defefiee positron diffusion length of 52+2 nm, typical for défeetGaN
(Uedono et al. 2013; Ishibashi and Uedono.2014)

The behavior of nanowires is thus diffefearh that of bulk layers. Depending the
positronsO energy, the implantation takesmatle the NWs and in Si substrate. When looking
at the undoped sample studied under darkness and under illumin&ioaluesaturated s
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increased up to 2 keV, followed by a plateau ugkeV1lBlowever, when increasing the positron
energy and consequently the mean implantation depth up to ajounéri increase of the
annihilation probability can be observed, assigned to the increased annihilation probability of
positrons in the Si substraibe same behavior is observed in darkness and under illumination
However, the observed increase irStha@ue under illumination with respect to darkness in the
0-20keV range suggests the presence of optically active defects in NWs. No illunecttan eff

the S value was observed for the Si substEet@(Q( keV). For the two Mdoped samples,
experiments show a decrease of the S value BeR@vkeV with increasing doping cell
temperature. Two possible explanations for this can be consdbesadecrease of the number

of vacancies for increasing doping leveherreduction of positron trapping probability by
vacancyype defects due to the change in the vacancy charge state from negative (neutral) to
positive due to a change in the Fermi [gvgition(Uedono et al. 2015, 2018)h increasing

doping.

Indeed,as stated beforpositive charged vacancies do not attract the positrons as in the
case of negatively (neutrally) charged vacancies. The positrons are instead repelled by the vacancie
who become invisible to the different defeletted positrodetection method&rauseRehberg
and Leipner 1999)

3.4.4'Wacancytype defects in GaN NWs ad doping effects

The identification of the annihilation sites can be determined by looking at the (S,W)
parameters and comparing them with the calculated values for some of the predominant vacancy
type defects in GaN

Due to the nanowire geometry, possranplanted in the samples are expected to partly
annihilate at the lateral surface of the NWs. Doppler broadening spectra were meaSuted at
keV by using the coincidence technique, since at this specific energy, the positron annihilation at
the top srfaces of NWs is negligible and implantation takes place only in the NW, without reaching
the Si substrate. THg (V) values were obtained from those spectra and are pl&igar @4,
for asdeposited and annealed samplegrkness and under illumination conditions.

The different S and W parameter couples for the theoretically calculated vacancy sites are
also represented in blue. Since incorporation of O and H impurities is favosgdrma aae to
the NW geometry, congXes between these impurities and vacancies are also represented.

I Darkness condition

The (S,W) values for the 8 samples in darkness conditions and before annealing are
represented iRigureb4a (left). From these values, diffetgmes of vacancies have been attributed
to the different series of samples as follows:

¥% Undoped sampleithe major defect species in the undoped sample was identified
as vacanegxygen complexes suchVag(On)s;
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¥9% Stdoped samplesvalues forQW) parametarhave been found to be very close
to a couple of vacancy type defects sudhlea¥ caVn, VedOn)s and Hsa. With
increasing of the doping level &ilSi2& Si3), main vacancy type defects were
found to beV c{On)s, similarly to that in the undoped sample. This was assigned
to a recombination betwe¥r. and Si, similar to the case ei&edAl.Ga.«N
(Uedono et al. 2012)he probability of formation &c. decreases as the Fermi
level position increas@gan de Walle and Neugebauer 2@8d} increasing the
defects concentration indgiped samples;

Figuré4 a) (S,W) values (brown and red) coreeapaidiagon of positrons in GaN NWs f
(V), Megdoped (Mgl, Mg2, Mg3, and Mg4)dapedamples (Sil, Si2, and Si3). Meast
done in darkness (left) and under illumination (right). (S,W) v&aés(iterdévdeEas GaN)
are shown as references (brown for positron annfrelat{di)n\dekecvGa(VN)n, (VGaVvh
and their complexes with oxygen and hydrogen).b)(S,W) values (brown and red) col
positrons in GaN NWs after 800;C amnei@iikgess (left) and under illumination (right).
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¥% Mg-doped samplesat low doping levels (Mgl) ti8W) value is close to that of
Si doped samples, suggesting that the major defects in this sample were similar to
that of the Sdoped sample fabricated with a Tow AsTc.iincreased, th&W)
vadues tended to approach the value for défeetGaN. However, as explained
previously, the change in the charge state from neutral to positive reduces the
positron trapping probability by vacancy type defects.

I llumination effect

Interestingly, thilumination shiftedhe (SW) valuesapproaching the line connecting the
values for GaN and Si, as observe#igure54 (right). Under illumination conditions, the
transition of the charge state of vacaypy defects from positite neutral (or neutral to
negative), increases the trapping probability of posigmnsseRehberg and Leipner 1999)
Thus, the observed change in 8&/) value for all the samples can be attributed to the capture
of photonexcited electrons by vacatype defects in the GaN NWs. BecauseSké) {ialues
under illumination is close the values for vacancy clusters containing hydrogen atoms, such as
(H2)ea(V )2 and (R)s«Vn)s, these defects are possible candidates for optically active defects
observed in the samples.

I Annealing effect

The same studies were done on the samplesdnaed00;C in N atmosphere and are
presented ifigureb4b. After annealing, thE\{V) values tended to shift towards the lower right,
but without a major influence on the vacancy defects reduction. The proximigyw tQ.,(
VeV n)2, andV eV n)s, located in the lower right in tBEW plot suggest a vacancy clustering
effect of annealing on the samples.

3.4.5Conclusion

Positron annihilation experiments in GaN NWs allowed us to identify the main vacancy
type defects in these structurgkich are predominant. coupled with impurities such as
oxygen and hydrogen. However, experiments become more difficult when considering Mg doping,
since the positron trapping probability is reduced due to a change in the charge state repealing the
positrons. lllumination experiments suggested the presence of optically active defects in NWs, such
as (H)sa(Vn)2 and (H)eV n)s complexes. Annealing of the samples did not change the overall
configuration of predominant vacancies, but clustering otyagaandefects was observed.
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I prHjunction visualization in GaN NWs

We have shown so far that the nanowire geometry is indeed adapted for the achievement
of highly doped GaN. However, the behavior of Mg and Si dopantassmtatyersince it was
observed that due to preferential incorporation -@tame side walls, Mg concentration is higher
in the outer shell of the nanowires that in the core. In the case of Si, the dopants tend to segregate
towards the shell abovgigenconcentration. To concladhe study of doping of GaN NW, we
have performed electrical experimentgmplepnjunction, that allowed us to get information
about the electrical characteristics through EBIC measurements.

3.5.15ample presentation

Sample #2 experimental growth condgiare described in Sect8oB1.1As a summary,
the Si doping cell temperature for tHgpe GaN was set at 900;C, whereas Mg doping cell

temperature was 240iC, corresponding to a Mg concentration £0.82J170° at.cn? as
estimated through EDX experiments. Based on the work of Z. Fang concelopmgf GaN
nanowires, the Si carrier concentration in this sample can be estibelike (®8)' 10 cnt®

(Fang et al. 2015)he ITO electrical contacts were deposited on a more coalesced part of the
sample, avoiding sitaircuiting thepnjunction during direct metal depositiofiowing the
procedure described in Secfiah2.1

3.5.2EBIC on as-grown sample

EBIC characterization inside the SENhe preamplification sefp (@defined inSection
2.2.3.1)lwas performedn as grown nanowit€Ehe aim of this EBIC characterization is purely
gualitative, quantitative characterization demanding complementary experiments.

The EBIC studies were performed with an electron beargy of 30 kV and a beam
current o400 @A. The electrorhole pairslensitygeneatedin this experimental configuration
various lifetimes varying between 100 ps and l80emwesented iRigure55 Nonetheless,
typical @lues for carrier lifetime in GaN material vary between 0.1 afBandiset al. 1998;
Grazzi et al. 2001; Kumakura et al. 2005)

Under these experimental conditions, the electron hole pair density generated inside the
sample igo higher tha@" 10" cm®, which is lower thahé minority carrier concentration under
equilibrium inside the samplae experiment is thus in low injection conditions.

Neverthelesshe Monte Carlo simulations for these specific conditions show a penetration
depth of the interaction volume3yim, making the experimental conditions unsuitable for single
nanowire studies.
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Figur®&5 Injection conditions for GaN NW sample

Figuré&6. Birdeye view of contacted electrode of sample N2 &t i(bjadtBEMmMage. Side view of
the NWs as seen in (c) SEM and (d) EBIC showing an inhomogeneous signature of the EBIC sigr
scale in the side views correspond to 1 pm.

Figure56illustrates the SEM (left) and EBIC (figlorresponding images on a cleaved
diode of sample #®&ithoutpolarization (OV biad)ue to the high interaction volumiace the
penetration depth for such a higbeam current is of the order3yiim, the electric field inside
of the nanowires undtre entireelectrode appears clearligure5ao.
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The electric fielthtrinsic tothe pnjunction inside the GaN N¥Was investigated in side
view as shown in the SEM imag€igure56c. The p and n rpsctive parts of the junction are
delimited by theedanddashed liree The equivalent EBIC image of these nanowires at OV bias
(thus without polarization) is illustrated Kigure56d. The EBIC signal associated with the
presencef an electric field at the pn junction does not appear as homogeneous. We have studied
the EBIC signal evolution with respect to the position on the nanowire on different individual
nanowires as shown by the red arrowsggure56ad.

Figur&7. Normalized intensity EBIC profiles in different NWs showing the SCR dispersion on the san

Figure57illustrates the normalized intensity of the EBIC signal profifedratifferent
nanowires from sample #2. The n and p respective regions are delimited by a red dashed line and
the origin of the profiles is defined with respect to the position of the junction.

The electrical parameters of the junction such as the minority garsiendength and
effective doping level were estimatdegure58for each of th&NWs by fitting the EBIC signal
using the method described in Se@i@r3.2.2Since the experiment takes plat@amnjection
conditions, the exponential dependence fitting was applied for the extraction of the minority carrier
diffusion length.

The effective doping ¢ characterizing the junction can be obtained from the space
charge region width @\ of the four individual nanowires by assuming a-buitiotential

approximated to theand gapoltage in GaN (gyapproximately 334V), from the equation:
* iwféé*(a' (72)

"aa Y
ta,

I 10\2
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Figur®8 EBIC profile as a function of the position with respect to the junction for a) NW#1 and b) N\

The junction parameters determinedHerfour nanowires are summarized in Table 11

NW SCR (nm) Ln(nm) Lp(nm) N er(cm)
#1 85 425+12 8/Ht12 ", 107
#2 85 415+14 65+14 ", 107
#3 120 425+12 820+16 i¢, 107
#4 1% 46612 8&t16 0o¢ , 107

Tabld 1 Junction paedersf the 4 NW from sample #2

Different information can be drawn from this stiithe inhomogeneity of tipajunction
electrical parameters is clearly evideAcgdalitative analysis of this images gives an indication
with respect to the NW&bpinghomogeneity. The dispersion of the EBIC current from NW to
NW is an indication that the electrical characteristicsfjtimetion are not uniform
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The space charge region extension is mainly on thepeld part of the NW. From the
charge neutralitgquation this information suggests a lower doping in thdddgd part with
respect to the Soped part of the junctiomhe effective doping gives a lower limit of the
acceptors and donors Iewvethe sample. By looking at the space charge region wedgioex
with respect to the junction, we can conclude that the effective doping showing & ®Bt&05f
cmis related to thacceptor@sncentration in the nanowires.

These results are in agreement with previous studies on individually camasteesn
in the work of Z. Fang et @fang et al. 2018)he results have shown nanowire to nanowire
behavior dispersion in terms of electridaland EBIC response. The conduction mechanism
suggested for these nanowires was space limatiep current, with a acceptor concentrations of
N=(2-3)' 10@ cm?®, assuming a donor concentratiqr(®-3)' 10 cm?, as determined by EBIC
experiments.

Regarding the minority carrier diffusion length, very large values with respect to literature
hawe been determined for this particular sample. Literature mponitsority carrier diffusion
lengthsin GaN materialshow valuesbetween 15 nm and several micromeifable 12
summarizedifferent values of minority carrier aiibn lengths in GalMyers and nanowires:

Reference Np (cm-3) L, (nm) N (cm-3) L, (nm)
(Fang et al. 20(8W) (223" 10 cn® 77 (2.82.9" 10%cm? 122
(Fang et al. 20(8W) (223" 108 cn® 40 (2.82.9" 10¢cm? 170
(Tchoulfian et al. 2QdMgrow) 3.5' 10¥cm? 15 3'10%cm?® 57
(Bandiet al. 1998pulk) uID 280
(Grazzi et al. 20@hyk) 5'10" cnt® 248
(Gonzalez et al. 2@bmk) No data 80 No data 70
(Moldovan et al. 2@bidk) | (2-3)" 10®cnt® 24 (1-2" 10" cm® 33.7
(Matoussi et al. 2q68)k) | 1.35 10" cnm® 720
(Kumakura et al. 2Q@5bik) 4" 10" cm?® 250
(Kumakura et al. 2Q@5bik) 4" 10%cm? 250
(Kumakurat al. 200%bulk) 4" 108 cm® 950
(Kumakura et al. 2Q@5bik) 1" 10° cm® 700
(Kumakura et al. 20@5lk) 3'10°cm?® 220
(Chernyak et al. 2@bajk) | 2' 107 cm® 350 34" 107 cn® | 5501700

Tabld 2 Literature values for minority carrier diffusion lengths in GaN

The dispersion of these values comes from the doping levels in the sanapéesa/daou
subjected to errors due to the different experimental conditions. For instance, sample preparation
could be responsible for the small valu23 nmfound for the diffusion length in the work
reported by Moldovan et @loldovan et al. 20QAvhereagxperimental conditions and high
beam acceleration voltage could account for the large diffusion length of 720 immnefienadce
(Matoussi et al. 2003)terestingly, the work of Chernyak €Calkernyak et al. 20QfXesents a
study of the minority carriers diffusion length under electron beam irradiation. In this study, the
increase othe minority carier diffusion lengttof electronsn p-GaN from 550 nm to 1.[m
depending on thieradiation time has been associated to the charging of deep metastable centers
associated to Mg doping. The irradiation time had no effectromdthigy carrier diffusiolength
of holes in AGaN which was insensitive to irradiation effects.
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ISummary d Chapter 3

Chapter 3 was dedicated to the study of GaN nanowires in terms of dopant inhomogeneity
and related defects. First studies etidmant incorporation in GaN nanogg were concluding
concerning the inhomogeneous repartition of Mg atoms in NWs, with a preferplatied m
incorporation and MB complex formation. Interestinglg, high Mg concentration was
determined in the samples urgtady, withconcentratiosof the order of1-3)' 1 at.an

The study of vacancy defects formation in GaN NWs showed that the main type defect in
both Sidoped, Mg doped and undoped sample¥ aeomplexes with hydrogen and oxygen.
These defects proved to be optically activenwigheat impadf annealing.

EBIC experimentgerformed on agrown nanowires depicted an effective doping of the
pnjunctions 6the order of (&)' 10" cnm®*most probably limited by the acceptor concentration.
The inhomogeneous doping was qualitath@halized in the samples and high minority carrier
diffusion lengths between 4800 nm for holes in-GaN and of the order of 6@D0 nm for
electronsn the pGaN have been explained by either charging oftideqts associated with Mg,
experimentalanditions or to a low donor/acceptor concentration inside the samples.
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4.1 Binary AIN NWs: from doping to
UV LEDs realization

Studies on GalNIWs provide additional information abalaping andlefect formation
in nitride materials. However, our main purpose being the realization of DUV LEDs, this chapter
will be dedicated to dopingMfGa..N materialThe need for efficientfype doping of Atich
AliGa.xN-based DUV LEDs has been a pointnbérest of various research groups in the past
decade. Being a wellown issue in the field of nitrides, efforts have been made in order to
improve the Mg incorporation in AIN material, as well as to increase the doping level
concentration, with the conon aim of developing efficieAkGa.xN-based DUV LEDs for
disinfection purposes. Nonetheless, some of the published results are controversial, the physics
behindAl,Ga..N doping mechanisnasd of electrical current conductionasfully understood
(Mi et al. 2016)

This chapter deals with the major problematics one encounters when Allyisyg
pnjunctions, especially concerning doping and electrical characterization. While thesfirst part
devoted to investigatioos Al\Ga.xN materiabf 60% Al compositig a complete description of
doping andransport mechanisms inside AIN NW junctions is developed in the second part of the
chapterThe results presented in this fourth chapter have been partially published in one article
(Siladie et al. 201nhd is subjected to one deposited patent.

IAlGaw.xN nanowire prnjunctions for UV-LEDs

Being a ternary alloy, one of the main difficulties we have encountered while studying
AlkGa..N NW bagd DUV LEDs concerns alloy inhomogeneity and control of dopant
incorporation in such alloyss already discussed previoukly,maximum EQE obtained on
planar LEDs does not exceed 20f8f@n emission wavelength of 275(iiakano et al. 2017)
whereas the main achievements on NW Egéd..N LEDs are coming from results in the
group of Professor Zetian NMi et al. 2015; Djavid and Mi 202jthout indetail studies
concening transport mechanisms.

The growth control oAlGaxN NWs on GaN stems was previously optimized in our
groupduringthe PhD of MatthiaBelloeil(Belloeil 2017and of Aurelidierret(Pierret 2013)
have adapted these iapzed growth conditions to all of the samptesentedn this chapter
Even hougha series of samples with different AIN content were grown for optimiz#tigbepf
«N pnjunction, this part of the study will be mainly focused on a particularsamp@®o Al
composition and properties ofgpnjunction will be presented further.
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4.1.1Growth conditions of Alo Gas AN NW sample

The 60%AlGa..N NW pnjunction sample (N2551) was grown byMBE onahighly
ndoped?CH (111wafer cleaned bysing he standard cleanipmpces$Sectior?.1.4.12 A 3nm
AIN buffer wasdepositedat high Al temperature (growth rate of 0.2ML/s) and high substrate
temperaturéAuzelle et al. 2015)

As stated beforegmnary alloys growth is more difficult to control because of the difference
between elements caaty. ThereforeAl,Ga.xN nanairesaregrown onaGaN base¢hatensues
theepitaxal relaionship with the S(111) subgrate.

TheGaN nanowiregirowth conditions are controlled in order to favor adatoms diffusion
on top of the base¥he GaN basehasbeendopedat aSidoping cell temperature of 900fC
orderto ensurethe electrical conductivity with respéo the substratdhen the Al Ga N
nanowie growthis obtanedby limiting the Ga aoms diffuson with respect to the Al atoms, by
controlling the fluxThe doping of thél,Ga.4N pnjunctions was obtained by using Si at a cell
temperature of @YC and Mg at a cell temperature of 220;C

The SEM images of the sample after growth is gitguie59. The length of the GaN
stems is of approximately 700 to 750 nm whereas the length of n and p parts are estimated to be
750 m for both partswith a radius varying from 20 nm for the GaN stem up to 80 nm for the
AloGa NN p-doped region, as shown in the schemati€igume5%

Figur®9 a) Radiudimension of an individoawiretb@Al, Ga N sampi@255). SEM images in
b) side view and c) top view.
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4.1.2Compositional fluctuations insideAly, sGag N NWs

To quantify the Al composition in the nanowires, we have performed EDX spectroscopy
showing an average of 65% Al position on individually dispersed nanowires. The Al
composition in the nanowires was found to be inhomogemangsmgrom 55 up to 75%\l
compositioralong the nanowire lengtalatedo thedifferencebetweenAl andGaaomsin terms
of diffuson time and Al atoms preferential incorporatidre Al composition was found to be
higher in the outeshell of the nanowire, suggestinglagGa A\ core- AIN shell like structure.

These observations agree with previous studies from ourejabeg to inbmogeneous
AlLGaxN growth of nanowiref®r high Al composition#\ pure AIN insertion wasbservedy
STEM analysisn a 85% Al compositio\lkGa.N NW (Pierret et al. 2013aylicro-
photoluminescence experiments performed on indiAd@d..N nanowires have shown a
guanturadot like behavior due compositional fluctuatioBelloeil et al. 2016)

After assessing the presence of an inhomogeneous Al composition in our sample, more |
detail characterization inside #leGa NN nanowires werachieved by TENEDX correlated
analysis performed By. Eric Robin in a probe corrected FEI Titan Themis equipped with four
windowless silicon drift detectors and are preserfapine60

Figur®Q a) Individual nanowire schematic from sample N2551 with identification of the respective
TEM image of an individual nanowire and c) the correspondent EDX mappingi@dpat(@rsen) and Al
d) TEM inset and e) corresponding EDX mapping of Ga and Al atoms on the upper part region of
corresponding tddyigélo Ga AN .
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Figure60a shovs the schematic of an individual nanowire with the tespesgions as
determined from EDXTEM images presentedrigure6 and c. An inset is done on the upper
part of the nanowire corresponding toddged region and is illustrateigure60d and e. The
Ga atoms are represented in green whereas Al atoms appear in red on the iogrEg3gond
map presented Figure6( andFigure6Ce.

On one hand,he TEMEDX correlated images of the individually disperaadwire
from sample N2551 presente&figure6 and showcoreshelinhomogeneous alloy formation
at the transition region betweerdoped AloGaN nanowiresand GaN stems The
inhomogeneous distribution of@k atoms isisible in the #type doped part of the sample where
an AIN shell is evidenced around the GaN stems, with distinguishable Al rich and Ga rich regions
in the sample.

On the other handn the Mgdoped part of the sample, an interesting superliitice
configuration of AIN and GaN planes seems to be formed (inSguire60d and ¢. Several
TEM and EDX images were taken on the same sample at a region situated-doplesl |dart
of the sample at higher magnificatidms regiorwas studied ithe inset zooan presented in
Figure6lonthe edges of the MippedAloGa. N nanowires

1-9%6&123 2-U&123

Figur&l a) TEM image and b) EDX image of a region of the nanowire situatedMindbpeztige in th
part of the sample. C) TEM image and d) EDX image of inset A and e) TEM image and f) EDX imag
B showing a superlattice arrangement of AIN and GaN planes

Thep-dopedAloGa.AN alloy presents nanosdak@lanecompositional inhomogéties
evidenced further fRigure6lc and d as well askigure6le and f where TEM images and EDX
respective maps are taken in the regions from the insets A &iguBgia. The layers thickness

is not constant, varying from atomic layer thick AIN and GaN up to 2 nm thick AINTp&ne
planes distributionssimilarto GaN QW separated by AIN barriers.
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Surface kinetics plays an important role in the growth of ternaryuslayshe different
Al and Ga adatoms desorption at the growth surface, different surface mobilities and residence
times leading to a surface supersaturation of one of the two adatoms. However, apparent phase
separation compositional inhomogeneity ismottansic characteristic AfGa.xN alloys, but
can be controlled by the growth conditions. Ah€&a..N phase separation was previously
observed also by various groups in the fiek,@&.«N /AIN nano-disks(Himwas et al. 2014)
as well as iAlGaxN layerdShen et al. 2006; Bryan et al. 2016)

This phase separation has a big impact on the efficiency of UV LEDs, leading to multiple
emission peaks in electroluminescence due to enhancelbcalination into the quantum well
like structure, linewidth broadening and red shift @&ntigsion.

4.1.30ptical properties by cathodoluminescence

Cathodoluminescenegperimentsere performed ogispersedamowires at S5k order
to study the influence tifedisordered alloy on the luminescendd@BGa AN NWSs.

Figur&2 Individual nanowire cathodoluminescence mapping for energies between a) 3.6 and 4.6 €
3.6 eV with associated AIN illustration and réespective reg

The cathodoluminescence mapping in logarithmic scale of one dispersed nanowire from
sample N2551 is illustrated for energies comprised between 3.6 eV andHdheé2a and
between 2.9 eV and 3.6 eVRaure62. The different regions of tA& Ga AN nanowire have
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been delimited on the mapping and the luminescence regions have been correlated to the respective
regions of the nanowire (right side of the figure).

The upper part of the nanowisadentified as being the GaN stem showing an emission
signal slightly above 3.50 eV corresponding to GaN band edge. The GaN emission band edge is
shifted compared to the expected luminescence ofXaddD strain free GaN at 3.47 eV. This
blueshift othe transition may be due to the presence éigiea N shell around the basis. This
could compress the GaN core leading to an emission at highe(Rigatt\et al. 2011)

Regarding théAlpGaydN emission, a clear impact doping is observed on the
cathodoluminescence mapping, associated to different emission energiepetidorGa N
region is emitting at energies between 4 eV and 4.4 eV with an intense signal at around 4.1 eV,
whereas the-fype doping is assded to a higher energy emission between 4 and 4.6 eV, with a
maximum emission at 4.4 eV corresponding to DAP transitionRAladb@ N band gapThis
DAP transition consists of a relatively broad emission even at single nanowire level assigned to
different atomic configuration. This shows that the random distribution of Ga and Al atoms leads
to a broad DAP emission band.

Moreover, sharp emission lines associated to deep level luminescence and an extended
emission signal at low energies (between 3.3.8ed/) appear in the MgpedAloGa N
material.

4.1.4EBIC evidence of theprjunction

I Sample processing
Sample N2551 was proceszed electrical characteristics of this samplestuelied by
EBIC characterization following the procedure describedpte€CBa

Electrodes of different sizes were fabricated on topgobas nanowires. Ni/Au metal
contacts were deposited with a thickness of 5 and 10 nm respectareheaddfor 10 min at
550;C under Natmosphere.

I Electrical characterization

The procesed sample was studied inlYheonfiguration presented in Sectib@2.2
Tungsten tips of 500 nm diameter were used for contacting in direct mode configuration. The
frontside contact was taken directly on the metalliodkeethereas the backside contact was
taken on the Si (111) conductive substrate. The study of a diode $fiB@x8&cussed further.

The results have beearmalizedn current density by considering a surface filling factor
of nanowires of 80%&as tscussed previously.
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Figure63 Current densiitage characteristic of a diode in a) lidegariihraemand clotpg
representation of forward regini/ Witting J

A rectifying behavior similar to that of addias obtained in the linear IV characteristic
going from15 V to 20 Vas showin Figure63 with a turron voltage of the diode at 8.1 V. If
we have a look at the sdagarithmic representation of the curdeTsity variatiowith respect
to the bias, the leakage current in reverse bias appears 2 orders of magnitude smaller that in direct
bias under symmetric polarizatidb (V and 15 V)Consideringhe current limiof detectiorof
the source metedata below 10A/cm? will not be considered. However, the sample does not
present an ohmic behavitmt a ®i \ # power law dependencas shown in the ldgg
representation iRigure63 This transport mechanism agrees with a SCLC conduction nmechanis
with a power coefficient of 3 corresponding toleeglan the material.

In order toinvestigatehie electrical activation of Mg dopant insidprjumction, we have
performed EBIC studiés the preamplification sep (Sectior.2.3.1.Jlon asgrownAlo Ga 4N
NW. The study was done on a cleanethlligpatternin side view, allowing the access to the first
row of contacted nanowires. The samples were scanned with a beam voltage of lbeevhand a
current of B pA, for which the excess carrier concentration generated by the electron beam with
respect to the beam current were representéiguire64 for different carrier recombination
lifetimes. The excess carriers generated in the sampleetages 210 cm® and3" 107 cm?.
The space charge region width can be safely extracted from the EBIC signal due to the low injection
conditions. These quite high excess carrier levels do not allow us to extract safely the carrier
diffusion length aggied to minority carriers, since the electrons and holes concentration can be
lower than the excess carriptacing the experiment in high injection conditions for minority
carriers.

The Casino Simulated interaction volume for such a low beam enesgy [shostration
depth of 200 nm. This allows us to profile individual nanowires evgnawmasonfiguration.
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Figur&4 Injection conditiotiseftlp Ga N sampler 6kV acceleration voltage depending on the lifetime.

Figuré5 a) SEM and EBIC images superposition aligned with the EBIC signal plotted with respe
position along the nanowire (red dots) and SEM intensity (grey dot line) showirgGmaahar signal in tr
region tife nanowire corresponding to the pn junction. EBIC signal Abyi&@ni fregicthevith

respect to the position along the NW in b) semilgdiaeimmsicaded c
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The SEM image of the firgtw of nanowires is supeiposed to that of thEBIC signal
under no bias and is giverFigure6s.

Under no polarization, the EBIC current signal is profiled on an individual nanowire with
the respective SEM profile representethshed line. The alignment of the imagerestiect to
the EBIC profile is done by aligning the substrate signal visible in both EBIC and SEM
characterizations. The different regions of the sample (GaN steékhs@ad\ pnjunction) are
distinguishable from the SEM chemical contrast and iangedeby the red lines Higure6sa
Thehigh EBIC signal intensity in thk Ga 4\ region suggests the presence of an intrinsic electric
field assigned topmjunction

The signal in this particuajunction regiofs extacted in logarithmic and linear scale in
Figure65 and c. Theffectivediffusion length Lin the n part of the junction can be extracted
from the fit with a exponentiatlependencand was determined to be of 255 The effeate
diffusion length in the p part of the junction cannot be reliably determined since the signal coming
from the junctions perturbated by the boundary conditems$the drift contributiarHowever,
the exponentiglependendétinggives a value bf=800 nm for the diffusion length of electrons
in the ppart of the junctiorSucharge electron diffusion lengths-typeAl.Ga.xN were already
observed il :GasN andAl,Gay N material in EBIC experiments and were associated with
charging of te deep metastable centers associated with Mg (@ipengyak et al. 2000) this
paper the L, for Mg-dopedAlo Ga N varies from 100 nm up te52um as a function of the
irradiationdurationin the EBIC experiments

The space charge regradthwasextracted adtr the diffusion length fitting and was found
to be roughly aroun2b5 nm, corresponding to an effective doping.@faN 10° cm®. Even if
the donor/accepter levels associated to this effective aopioighigh the EBIC experiments
performed on thidl,.Ga.4\ junction are promising.

We have seen so far that working with a ternary alloy implies considering the different
compositional inhomogeneities that are difficult to coriedpite the Ilimitation®f a
compositional inhomogeneithieseresultsare valuable in light ahderstanding the doping of
ALGaxN.

One of the questions we are asking ourselves concerns the real definition of an OalloyO and
the need of controlling the homogeneity of such a m@esa@les this, an inhomogeneous dopant
incorporation due to compositional inhomogeneity in the case Alf dBey. N ternary alloy
cannot be excluded.

This is very much the key component in future attempts to ovelapame incorporation
issuesn AIN materialThe strategy of achieving UEDs was then redirected towards AIN and
solving one of the most important problems concerning this material which is achieving an active

p-type doping.
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IControversial AIN ptype doping issues

Results concerning a significant increase of Mg concentratidMNwWs by using Mg/In
co-doping are presentedthis sectionBy means of electron irradiation and annealing, successful
activation of acceptor impurities and conduction mechanisms have been obtained. An easy
ionization of Invacancy complex associatéti & negative charging of Mg in In viciditying
the growthis proposed as theoretical scerfarithe Mg incorporatiaT ransport mechanisms in
a pnjunction AIN nanowire will be detailed and EBIC studies will reveal acceptor activation
mechanisms.

4.2.1State of the art doping in [1I-N material

Literature on AIN doping is very scarce due to the difficult incorporation of dofasts
wide band gap semiconductone of the main difficulties of improving the carrier concentration
in AIN material comes fnothe high activation energy of dopants.

State of the art results shawianization energy as high as 630 meV in 2D layers of AIN,
as determined by Taniyasu et alpmAIN-based heterostructure, inferred from temperature
dependent electrical charazsgions(Taniyasu et al. 200&oncerning Si doping, an activation
energy of 282 meV was determined in the sam@ avayasu et al. 2008)binding energy of
510 meV for Mg acceptor in AIN has been previously determined by temperature dependent PL
emission in the work of Nam e{fdam et al. 20033onfirming the high activation energy required
for p-type doping of AlSuch high activation enesgieave beewalidatedy theoretical research
for Mg substitutional in Al site of wurzite AIN demanding binding energies as high as 758 meV
(Mireles and Ulloa 199Blple concentration is thus extremely @f@roundL0° cni®, explaining
the poor injection in pure AIN based matefiadsiyasu et al. 2006)

Nonethelesghe group of professor Z. Mi announces in one of its publicasionsiaing
25 meMonizationenergy of Mg in AIN nanowir€&an et al. 201.7p0ome assumptions are made
in order to determine the Mg activation energy in the structures. First, the AIN segment is grown
betweeranin,Ga.N /GaN tunnel junction and ahlxGa.xN top contact layer. The resistance of
the segment is taken as the difference with respect to that of a reference sample exhibiting the same
structure but without the AIN insertion. Also, the resistivitfdered from the slope ofV
characterizations, without being in purely ohmic refitadree hole concentration determined
in this study is 6 order of magnitude higher than that determined previously and has been assigned
to reduced nitrogevacancyalated defects during growth in nitrogen rich conditions inside the
MBE machine, favoring a hole hopping conduction mechanism.

Another paper from the same group has shown the first realization of an AIN nanowire
DUV-LED with an emission at 210 nm andeg fnole concentration of Mg in AIN nanowires of
10 cm?® or higher at room temperature. The means used for determining the Mg concentration
(OThe Mg concentration in an equivalent AIN:Mg epilayerias0) is not fully understood,
since the paper epares the Mg content in AIN nanowires to an equivalent Mg doping in GaN
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nanowiregas inferredrom SIMS characterization of fdgped epilayer&ibria et al. 201%)

Needess to say, this method is not accurate enough since it is well known that Mg incorporation
in AIN material is more difficult than in GaN material. Also, it has to be mentioned that the low
dimensions of the heterostructures withstand extremely high tétd$ron gype segments of

width ofthe order of 15 nnirhis point will be discussed further in this manuscript in Section
4.3.4.1Although exhibiting a very good electroluminescence, it has been previously shown that
elet¢roluminescence signal coming from a MIS structure occurs when the unintentionally doped
region is large enou@faniyasu et al. 2006)

This ionization energy decreaas already mentioned for GaN structures. As a brief recall
Brochen et aleportedthat the ionization energy of Mg substitutional to Ga in the low dopant
concentration limit was 24525 m@vochen et al. 2013uch a high value implies to introduce
large quantities of Mg to reach significant hole concentrations at room templeeaturzation
energy of Mg decreased strongly as a function of the Mg content, reaekiag imiluas éieV
for acceptor concentrations higher th&cm?. This strong decrease in ionization energies was
assigned to a shift from isolated impurity regime to a defect energy band at high Mg concentrations.

However, increasing the Mg concéiatnas also associated with the risk of Mg clustering
and defects formation. As explained more in detail in the previous chapter, the solubility of Mg in
GaN layers is limited to abouf®d@m® (Namkoong et al. 200@bove this concentration, Mg
clustering associated with the formation of pyramidal extended defects and partial polarity
inversion hasden observe@//ennZgues et al. 200Bading to a marked degradation of surface
morphology as well as of the optical and structural prop@&teesnorphology of nitride
nanowires is favorable in improvihg timit solubility due to the lack of extended defects, as
shown in the previous stu@iladie et al. 2018)

Another solution to improve the incorporation of Mg in GaN material dooneso
doping by using In, as shown by Liu étialet al. 2016 heir heoretical predictions show that
through InMg cadoping the valence band maximemergyis elevatedincreasing the-tgpe
dopant incorporation limifThis was confirmed by SINHall transport correlated measurements
showing hole concentrations as high 4 @%cm? achieved in GaN MOCVD grown layers. In
order to improve the surface morphology and decrease the amounticdllglectmpensating
point defects, the use of In as a surfactant has also been proposed for GMiéagtas. 2015)
This led to increasedtype conductivity in GaN layers. Although remarkable results have been
shown on GaN layer, @oping by using In in AIN material has not been studied so faavé/e
thus investigated the doping mechanisms in AIN nanowires growaMBEPA

In this contextthe study of physics behind Mg incorporation in AIN material as well as its
activation is a subject of high interest. All of the abhemwtioned studies on Galdnowires have
led our research towards an interesting strategy to improve the carrier concentgimAiN p
We ardaking advantage of the nanowire morphology and of-tteptw advantages to increase
the Mg incorporation, followed by annealimyedectron beam dopant activation.
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4.2.2Growth conditions of AIN NW samples

A series of AIN NWpnjunctions were elaborated by-MBE. As presented in chapter 2,
NWs were grown along thexis on a low resistivity 20 Si (111) wafer, higbjyed by using
As. The standard process of sarpmparation prior tgrowth wagollowed( Sectior2.1.4.1.p
Nitrogen rich conditions with a plasma cell radio frequency power of 600W,dlnct afN2.5
sccm were chosehablel3summarizes the different growth parameters of the samples used for
the In:Mg incorporation studies.

Sample No. Twg (jC) T (jC) Ta(iC)
A (N3050) 280 3 1135
B (N3048) 280 700 1135
C (N3059) 300 700 1135
D (N3068) 300 800 1135
E (N3073) 300 800 1150

Tabld3 Summary of samples studied for In:Mg incorporation conditions. Corresponding growth pare
from sample to sample such as doping cell temperatures (Mg, In, Si) are giieddsinQkigecorrespond
growth parameters such as substrate temperature, growth time or nitrogen/metal flux ratio were
samples.

We have grown the samples eddpied GaN stems that ensure the electrical conductivity
with respect to the substrate N3dW stems were grown at a Ga/active N nominal flux ratio of
0.3 and a substrate temperature of 800;C -fyperdoping of the stems, a temperature of 900;C
was set for the Si effusion cell.

AIN part was grown at a constant Al/active N nominal fluxoh@dlL5 for samples A to
D and of 0.2 for sample E, with the aim of studying the growth conditions influence on Mg
incorporation. fiype part was grown directly on the stems witld@p8ig cell temperature of
900;C.

Concerning the-fype region, a refarce sample (sample A) was grown at a Mg effusion
cell temperature of 280;C without In assistance, but kekpitigal othegrowth parameters. p
type doping growth parameters, mainly Mg and In fluxes, were varied during growth of the AIN
p-part of the amples in order to have a complete study-dbpmg conditions. Indium cell
temperature was varied from 700;C to 800;C and magnesium cell temperature was varied from
280iC up to 300;C.

Figure66presents the SEM side and top wéane of the samples, the morphology being
overall representative of all the samples. This morphology is also assigned to Mg incorporation
evidence due to the increased diffusion of Al atoms during Mg tlopiregregion of interest,
diameter of the N@along the growth direction and from sample to sample varies from 75 nm to
100 nm, as determined statistically from the SEM images in side view. The total length is of 600
nm for the GaN stems in the region of interest and AIN NW part is around 900 nm.

Further characterization of the Mg concentration level was confirmed by a series of
technigues such as EDX and Raman spectroscopy and the results are presented hereafter.
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Figuré6. SEM side (left) and top (right) vdvpedaaowires of sample N3048
4.2.3EDX-TEM correlated results

We have first assesdbd presence d¥lg as well as the quantification of Mg atoms
concentration inside the samplBsese experiments were done in collaboratiorDwithric
Robin ty Energy Dispersive-Ray Spectroscopy. This study was performed on individual AIN
NWs, dispersed on a transmission electron microscopy (TEM) carbon grid as repiegeneed in
67a(using a scratchingchniqug

Figur&7. a)TEM grid NW dispersiof B\ picture of dispersed nanowires from sample [
corresponding Mg (blue axis to the left) and In (black axsfitestlzonghthiegrowth axis. N
profiles follow the same tendency, associated to incorporation of Mg in presence of It
expressed iff aOcmfor Mg and *@t.crfor In, respectigglyig and In concentraamples A tc
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A probe correted FEI Titan Themis equipped with four windowless silicon drift detectors
was used for a better detection limit than in a regular SHMa®l the assessment of Mg was
done statistically on several nanowires. For Mg and In profiling, several pgirte &Ws
growth axis were measured.

The acquisition time of-May spectra was of 1 to 5 minutes at 200 kV with high probe
currents (from 3.5 up to 7.8 nA). This allowed the increase of the counting statistics (> 100 kcps)
and the lowering of the deteationit for Mg and In in AIN down to-3"' 10" at.cn?.

For a better interpretation of the experiments, the net intensities of N, Al adth€a K
were extracted from therdy spectra using the QUANTAX0 software from BRUKER. Due
to the composition ohte samples, the net intensities of Mp&and In LHines in AIN aréower
thanthat of the Al, Ga and N elements. Indeed, th&me appearing at 1.R8V cannot be
extracted directly from the-Ray spectra since the peak corresponding tonthisalnnot be
directly deconvoluted from the ®J;-lines. These intensities were thus extracted by normalizing
the Xray spectra to a pure AIN reference spectrum acquired in the same conditions. This AIN
reference is unintentionally doped and was gnosimilar conditiont® those ofloped samples.

The conversion of the netrdy intensities into concentrations was performed using the
zetafactor method allowing correcting intensities frarayXabsorptio(Watanabe and Williams
2006) The zetdactors were directly measured on the same equipment, at the same operating
conditions, usingeference samples of known composition and thiclkr@ssore information,
the lecturer can refer to Lopidaro et a(LopezHaro et al. 2014)

Figur&8 Normalized spectrum of Baa)Meg peak intensity is clearly depicted from noise
quantified to a levarafnd!11(%at.cm b) In peak intensity can be quantified to ardev
ol 10%at.crh

Normalized spectraf sample DOn the low XRay eneggrange are given igure68
When cedoping by using In, the Mg peak intensity is clearly increased such as in the case of sample
D (N3068), allowing the extraction of a quantified Mg legelt€683). The average concentration
in the ptype doped section was estimated dtlff2at.cn?. By the same means, the In
concentration is quantified in the same sample and is equivaléritdd&.6m’ (Figure6&).
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Forsample A (N@50), where the AlNHpart of the sample was doped with a Mg cell at a
temperature of 280j@he noise level does not allow a reliable quantification of Mg inside this
sampleThe Mg concentration levetoo low with respect to the limit of this techeidMe have
thus approximated the Mg concentration inside this sample to be under the detection limit of the
technique, that is' 30 at.cn’.

Mg-In concentration mapping was plotte&igure67 with respect to the position from
the AIN/GaN interface on individual nanowires extracted from sample D. Mg and In profiles are
found to vary along the Mipped part of the sample, with an increasing concentration of Mg
related to an increasing In concentration. However, in-dopesi @rt of the sample, a low
concentration of Mg was detected in all samples. We associate this treiftlidhef Mg in
the sample during growth as well as t@itheence of a slightly Mgped AIN shell around the
GaN stems. If we refer to the studyMg incorporation in GaN nanowires, this mechanisms can
be associated tthe preferential incorporation of Mg orptanes during growth underrigh
conditiongSiladie et al. 2018)

Figure67c is showing the Mg concentration variation as a function of In concentration for
all the sanplesWithoutIn co-doping, such as in the case of sample A (N3050) represented in red
dots, Mg concentration equivalent to 280jC was found closely above detection limit. Indium
concentration for sample A (N3050) is residual and is found to be at'd®%iatlcny,
corresponding to the In detection limit in the EDXugetWhile adding In during growth even at
a very low level of 0.08ML/s such as in sample B (N3048) represented in blue, Mg concentration
found in this sample is highly increased, witlverage of '610*° at.cn?. Mg celltemperature
increase in sample C N30SBhematized in greefor an equivalent In flux increases the
concentration of Mg atoms incorporated, reaching higher levels than previously, whereas In
incorporation level decregs&sggesting a competition mechanism as well as a possible surface
saturation by Mg. At high doping levels of Mg and In (sample D N3068 represented in black), a
maximum value of around"L1%° at.cnm?® was determined, related to an In content slighthy belo
1" 10 at.cn?.

These results suggest that In plays an important role in the Mg incorporation in the AIN
material. The concentration of In in samples B to D, though higher than in sample A, is still one
order of magnitude smaller than that of Mg. Thaseylar results establish a clear correlation
between the incorporation of Mg and the presence of In.

Another important point worth mentioning is that given the low In concentration
(<0.01%), the formation of an/Al..N ternary alloy can be safelyatided for all samples. Even
if the flux of In used for these growths is high, the In atoms do not incogfficartlyat such
high substrate temperature, since the desorption mechanism governs the In incorporation, allowing
us to associate this enhahltgy concentration to a-clmping mechanisms.
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4.2.41Raman spectroscopy

The presence of Mg in the sampigsalso beninvestigated bpr. Ana Cros byRaman
experiments through the Miycomplexes formation. The experiment was performed on the
samples presentpreviously in backscattering configuration using the 532 nm line of a laser diode
as excitation source. A Horiba Jobin Yvon Xplora spectrometer equipped with-a®ledier
charge coupled device detector and 1800 grooves/mm diffraction gratings foaspesetdal
analysis. A 100x microscope objective focused the excitation laser on the sample and collected the
backscattered light to the spectrometer.

The experiment was performed directly on the undispersed NW sample. Since the Raman
peaks intensitg sensitive to the volume of the material, a normalization of the spectrum was done
with respect to the respective dimensions of thelodgd part, allowing one to extract
guantitative information

Figur&9 a) Raman spectrum of sample B (N3048) showing the spectral rangeud v
modes. The intensity of-thenbties has been multiplied by 25 for clarity. (b) Detilrah
corresponding to ti rivigdes of samples A to E. GaN NW and InN bulk Mg doped ref
been included.

Figure6% shows the Raman spewt of sample B (N3048). The, Bhonon mode
characteristic of the GaN stem and the AIN grown on it can be clearly observed 48687 cm
655 cm, respectively. Additionally, the surface optical mode (SO) ascribed to GaN NWs appears
as a distinctive feme. At the high frequency range and around 28@etonv the stretching mode
of the nitrogen molecules from the air, four much weaker peaks are identified, labeled a, b, c and
d. These particular modes have not been reported in the literature, lbbupadame Raman
spectra of a Mdoped GaN NW sample (N2714) suggest the presencd-bifé¥éged complexes
inside the nanowires. For the sake of comparison, this spectrum was illustigiee6ié
(Siladie et al. 2018)
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