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Titre : développement et application de la technique analytique de courant induit par faisceau d'électrons pour la caractérisation des dispositifs à base de nanofils de nitrure de gallium et de silicium Mots clés : nanofils (NWs), courant induit par un faisceau d'électrons (EBIC), diode électroluminescente (LED), cellule solaire, nitrure de gallium (GaN), silicium (Si) Résumé : Dans cette thèse je me propose d'étudier des nano-fils, et en particulier d'utiliser la technique EBIC pour explorer leurs propriétés électro-optiques. Je décris d'abord les détails de la technique d'analyse EBIC avec un bref retour historique sur la microscopie électronique, le principe physique de l'EBIC, sa résolution spatiale, les paramètres conditionnant l'amplitude du signal, et les informations que l'on peut en tirer sur le matériau en termes de défauts, champ électrique, etc. Je m'intéresse ensuite à la caractérisation de LEDs à nano-fils à base de GaN, qui ont été observés par EBIC, soit en coupe soit en vue plane (depuis le haut des fils). Les mesures EBIC sont comparées à celles de micro-électroluminescence. Plus loin j'adresse la fabrication et la mesure de nano-fils à base de GaN séparés de leur substrat d'origine. Je présente les mesures EBIC de nano-fils uniques entiers, puis de nano-fils en coupe horizontale.

La partie suivante de la thèse traite d'étude EBIC des cellules solaires à base de nano-fils Si ayant d'abord une géométrie aléatoire, puis une géométrie régulière. La génération de courant dans ces cellules solaires est analysée à l'échelle submicronique. A la fin du manuscrit je discute la fabrication et les mesures EBIC de fils GaN épitaxiés sur Si. Je montre en particulier qu'une jonction p-n est enduite dans le substrat Si par la diffusion d'Al lors de la croissance de nanofils. Title: development and application of electron beam induced current analytical technique for characterization of gallium nitride and silicon nanowire-based devices Keywords: nanowires (NWs), electron beam induced current (EBIC), light emitting diode (LED), solar cell, gallium nitride (GaN), silicon (Si) 

Synthèse en Français

Les semi-conducteurs III-N ont connu une forte regain d'intérêt à la fin des années 1990 suite à la démonstration du dopage p de GaN, ce qui a ouvert la porte à une grande palette d'applications telles que les diodes électroluminescentes (LEDs), les diodes laser (LDs), les photodétecteurs p-n et les cellules solaires. Cependant, la qualité du matériau reste le problème clé pour les dispositifs à couches minces de nitrure. Dans les dernières années, la nanostructuration de la région active sous forme de nanofils a été proposée comme une solution prometteuse pour le problème de qualité du matériau. En effet, la relaxation de contrainte par les bords libres de nanofils permet de fabriquer des nano-objets sans défauts sur des substrats à fort désaccord de maille. En outre, la grande surface latérale de nanofils permet d'augmenter la surface active d'absorption ou d'émission en utilisant les hétérostructures coeur/coquille. Les nano-fils de GaN peuvent aussi être transférés dans une membrane organique comme polydiméthylsiloxane (PDMS) et pelés de leur substrat d'origine, ainsi les substrats onéreuses peuvent être recyclés.

Dans le domaine des cellules solaires en Si, le but recherché est de réduire la quantité de Si utilisée pour réduire le coût de ces dispositifs. Les nano-fils sont une option, probablement pas la plus explorée mais très séduisante, pour augmenter l'absorption en renforçant le champ électromagnétique dans le matériau actif de manière résonante (diffraction, cristal photonique etc.) ou non (piégeage, rugosité etc.). Malgré ces avantages prédits théoriquement, les nano-fils n'ont pas encore trouvé leur place dans la photovoltaïque et nécessitent des études amont pour tirer profit de leurs avantages potentiels.

C'est dans ce contexte que je me propose dans mon manuscrit d'étudier ces nano-fils, et en particulier d'utiliser la technique de microscopie de courant induit par faisceau d'électron (EBIC) pour explorer leurs propriétés électro-optiques. L'EBIC fournit les informations sur le courant électrique généré dans les nano-fils. Les cartes d'EBIC indiquent la localisation des champs électriques internes et de présence des défauts matériels. Les profiles de signal d'EBIC fournissent des données sur les longueurs de diffusion des porteurs minoritaires. En conséquence, l'EBIC est un instrument analytique très puissant pour caractériser et fonctionnaliser des dispositifs opto-électroniques à base des hétérostructures de taille sous-micrométrique.

Dans le premier chapitre de manuscrit j'expose la motivation de mes études comme discuté dans les paragraphes précédant, mais en fournissant plus de détails.

Le deuxième chapitre décrit les détails de la technique d'analyse EBIC. Après un bref retour historique sur la microscopie électronique, je m'attache à décrire le principe physique de l'EBIC, sa résolution spatiale, les paramètres conditionnant l'amplitude du signal, et les informations que l'on peut en tirer sur le matériau en termes de défauts, champ électrique, etc. Les propriétés sont divisées dans les trois groupes, à savoir :  interaction entre le faisceaux et l'échantillon (la taille et la forme de volume d'interaction, en particulier des surfaces isoénergétiques; les transformations des échantillons, dues à l'irradiation par un faisceau d'électrons, en particulier l'effet de recuit local, de charge et de piégeage des porteurs; les effets provenant de la géométrie de l'échantillon, qui sont particulièrement importants dans des échantillons à base des nanostructures) ;   propriétés électriques de la matière(les propriétés locales, telles que la durée de vie de porteurs, le champ électrique local, les longueurs de diffusion des porteurs; et les propriétés de long porté, telles que la résistance série, la contamination de la surface de l'échantillon, et la structure électronique de la surface de l'échantillon) ;  propriétés des contacts (la résistance d'accès ; la hauteur de la barrière électrique associée au contact ; la position de l'électrode de l'EBIC ; dans le cas de la proximité des contacts, leur influence sur la région étudiée) Cette description du principe physique de l'EBIC est appliquée dans les chapitres suivants pour interpréter les résultats des mesures. La seconde partie de ce chapitre porte sur des fils un peu différents, toujours issus de GLO, mais un peu plus trapus et qui comportent deux zones émettrices : les puits radiaux non polaires désirés, et la région enrichie en In à la jonction entre le plan m et le plan semi-polaire au sommet des fils. Il est courant de vouloir se débarrasser des puits semi-polaires et de cette région enrichie en In soit en les inactivant électriquement, soit en les gravant. Je commence par mesurer des nano-fils non traités. J'ai mesuré un signal proche des jonctions non polaires et semi-polaires, comme attendu. J'ai retrouvé aussi le comportement anormal, dépendent du temps, décrit plus haut, avec quelques différences comme une plus grande asymétrie. Ce comportement se répète dans diverses configurations d'observation (direction de clivage, tension d'accélération etc.). Je passe ensuite aux fils traités, avec gravure de l'ITO. Les résultats sont peu modifiés, ce qui est assez normal car la coquille p suffit à assurer la collecte du courant. Puis, j'analyse des fils ayant subit un traitement par un plasma fluoré qui est connu de désactiver le dopage p et aussi des fils attaqués par une gravure sèche. Sans surprise, il n'y a plus de signal venant des puits semi-polaires, les charges ne peuvent plus être collectées en raison de la forte dégradation de la couche p. Ces observations sont faites sur des vues en coupe, puis sur des vues planes, qui confirment les observations en coupe.

Pour terminer cette étude, j'ai comparé les mesures EBIC et les mesures d'électroluminescence(EL). La Fig III .61 montre les carte MEB, EBIC et EL de la même région de l'échantillon. Cette comparaison valide l'intérêt de l'étude EBIC pour prédire et comprendre le comportement et la physique sousjacente des LEDs. Malheureusement, on observe une certaine dé-corrélation (les optimistes diront une certaine corrélation) entre l'amplitude du signal EBIC et l'amplitude de l'électroluminescence dans les nano-fils. J'en donne une explication basée sur la résistance d'accès. La diode en émission travaille en injection forte dans des conditions des bandes plates, alors que le signal EBIC est extrait d'une jonction juste soumise à son champ interne. L'ensemble de ce procédé est réalisé à l'université de Nanyang à Singapour. J'ai fait la caractérisation EBIC. Cette caractérisation fait ressortir un problème de qualité de Si après gravure (surface latérale des nanofils), qui a pu être résolu par une oxydation et une gravure, ainsi qu'un problème de champ électrique à l'interface entre le fil et le substrat. Ces problèmes expliquent globalement que ces cellules à fils soient moins performantes que les cellules planaires correspondantes. Concernant la mesure EBIC, je reconnais que la grande longueur de diffusion des minoritaires dans le Si nuit à la résolution spatiale, mais je défends cependant l'intérêt de ces mesures EBIC pour les cellules à nanofils de Si. La Fig V .7 illustre le profil du signal EBIC perpendiculaire à la surface de l'échantillon mettant en évidence la signale venant des nanofils et le signal venant du wafer. Chapter I.

Introduction I.1. III-N nanowire-based optical structures

Since the early 1990s the III-N optics has evolved from a minor research field to a well-established mainstream industry. The list of products brought to the market includes lasers, photodiodes, photodetectors etc. The impact of the nitride optics on the modern society was acknowledged in 2014, when the Nobel Prize in Physics was awarded jointly to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura "for the invention of efficient blue light-emitting diodes which has enabled bright and energy-saving white light sources".

However, blue light emitters alone are not sufficient to enable really efficient and low-cost broad spectrum light sources: longer wavelength ranges are required to cover the whole visible spectrum. Since there is no known material, which can cover the whole visible range with a good efficiency, it is required either to downconvert the emission wavelength (thus losing efficiency) or to combine different materials and integrate them into one device. Here two problems arise.

The first problem is that efficient emitters are lacking in some ranges of the visible spectrum. The shortest wavelength range (380-460 nm) is covered by effective III-N thin film LEDs and the longest wavelength range (680-780 nm) is covered by effective III-As, III-P and III-AsP thin films LEDs. In the intermediate range (460-680 nm), the situation is different. The especially low performance is a major problem for devices emitting in the so-called "green gap" -535-570 nm wavelength range, where the highest external quantum efficiency is still below 10% [weblink1]. Unfortunately, this range is almost the exact position of the maximum of the human eye spectral sensitivity [Guen1982] and therefore it is crucial for an effective light source. The most promising material, which can "bridge the green gap" is the InGaN alloy with a high In content. However, a high dislocation density, typical for III-N materials, limits its electroluminescence efficiency in the green spectrum domain. This problem still cannot be overcome in high In content structures. Dislocations are formed during the epitaxial growth because of a large lattice mismatch between III-N and commercially available wafers and also in the active region due to the lattice mismatch between the quantum well and the barrier materials. The search for a solution for a wafer-independent growth has been very intensive in the last 25 years.

The second obstacle on the way to broad spectrum light sources is the need to combine different materials with proper bandgaps. And if for the common daylight bulbs one can just put the diode chips next to each other, in other important applications such as screen RGB pixels for TV sets, computers and smartphones or compact laser diode projectors, a more preferable solution is to combine the materials on a single chip. This problem is even more acute for other broad spectrum devices such as solar cells and broad spectrum photodetectors. A highly efficient solar cell should absorb the light from the near IR to the near UV spectral regions, and for an efficient light trapping and current extraction the alloys have to be perfectly integrated. However, researchers encountered a lot of difficulties trying to combine III-N with such materials as III-As, III-P and Si because of the very different lattices.

An alternative to the thin film technology is given by 1-dimensional crystals also known as nanowires (NWs). NWs are crystals with a high aspect ratio, typically with a diameter from 10 nm to 1 µm and with a height from 100 nm to 10 µm or more. NWs have two specific features different from thin films, namely: a high sidewall surface and a small surface of the interface between a NW and the substrate. These features allow to solve the problems described above. Indeed, NWs are more independent from the substrates. The III-N NWs on Si and other mismatched substrates were demonstrated to have no dislocation defects at all, because during the early stage of a NW formation the strain can either be relaxed by the free surface, or the threading dislocations can be bent to the sidewalls, and then the III-N NW material grows with no strain and no propagating defects. The substrate-independence also helps to combine III-N with other materials such as Si in order to create multi-functional optical devices and decrease the cost of the final devices by using cheap substrates. The theoretically predicted high quality and low production cost of the III-N NW-based devices stimulate researchers for the last 15 years. In the early 2000s the first high quality GaN NWs were demonstrated; since then, the III-N NW technology has been rapidly developing.

Among the earliest most notable works on NW LEDs are the demonstrations of array LEDs by [Kim2004] and [Kik2004] based on axial heterojunction structures and later single wire LEDs based on core-shell NWs [Qia2005]. Since that time, many realizations of core-shell LEDs using self-assembled NWs have been reported [Koe2011], [Jac2012] and selective growth methods have also been developed [Li2012], [Che2013]. Today, big companies (e.g. OSRAM) and startups (e.g. Aledia) are investing big efforts in NW-based LED technology. The latest review of GaN NW-based LEDs is given in [Day2016].

However, after years of intensive research and development, III-N NW based devices are still behind thin film counterparts. It is explained partly by the better-developed mature thin film growth compared to the NW growth, but mainly by the essential complicacy of the NW formation and device performance. Indeed, a NW array device is actually a set of billions individual devices with complicated geometry and varying properties. For example, it is much harder to achieve a homogeneous current injection into the active region of NWs, and the contacting can be nontrivial, especially for a dense NW array. Therefore, it is not obvious, whether or not the NW technology can win the competition with thin film III-N structures.

Therefore, many researchers are looking for niche applications of NWs, where thin films have fundamental limitations. Among these niches there are flexible devices. Unlike the rigid thin films, which are typically grown on hard wafers such as sapphire, NWs practically have no limitations on their high flexibility. Moreover, the substrate independence of the NW devices can be further expanded by a concept of a substrate-free device. The NWs can be encapsulated into a flexible (or a rigid) plastic and peeled from the substrate, allowing recycling of the expensive wafers.

I.2. Silicon nanowire solar cells

It is well-known, that every hour the earth receives more energy from the sun than mankind can consume in a year [Sta1983]. A tiny part of this energy, if converted into electricity, can fulfill our global energetic demand.

Here I cite some facts from a June 2016 report on photovoltaics (PV) [weblink2]. The compound annual growth rate of PV installations was 41 % from 2000 to 2015. The total cumulative installations amounted to 242 GWp at the end of 2015. The energy payback time of PV systems varies from less than 1 year to 2.5 year depending on the geographic location and the technology installed, while their lifespan can be assumed to be 20 years. In the last 10 years, the efficiency of average commercial wafer-based silicon modules (which accounts to 93% of all installed PV systems) increased from about 12 % to 17 %.

Although material usage for silicon cells has been reduced significantly during the last 10 years from around 16 g/Wp to less than 6 g/Wp due to increased efficiencies and thinner wafers, there is still a large room for improvement since only 7% of the total annual production of solar cells were attributed to thin film technologies in 2015. The silicon nanowire (SiNW) solar cells that will be addressed in this work still belong mainly to the domain of research.

However, theoretical predictions for SiNW technology are highly promising. There is a need to reduce the cost of Si wafer-based solar cells, 30% of which consists of the cost of expensive solar-grade Si wafers. The problem behind is that thick Si layers are required for the effective light absorption since Si is an indirect bandgap material and therefore photon absorption length is large.

Little can be done to increase the absorption coefficient of the Si material, but it is possible to trap the light inside thin Si layers and increase the effective optical pass. For this purpose SiNWs can be used as a diffraction grid, which simultaneously traps and absorbs the light [Tog2015].

In my thesis I report on the electron beam induced current (EBIC) characterization of SiNW based solar cells. The EBIC technique can provide unique information about solar cell performance as shown below.

I.3. Electron beam induced current characterization

Many modern optoelectronic devices are based on thin films and NWs. They have a nanostructured active region with a typical feature size ranging from few nanometers to 1 µm. The parameters of the active region such as density of crystalline defects, intrinsic field location, material composition and doping levels etc. dramatically affect the device performance. These parameters need to be studied in order to understand the physics of the nanostructures and to optimize device fabrication and functionalization. Macroscopic characterization tools cannot provide sufficient information. Microscopic characterization techniques are required, which can be nominally divided into two groups. The first group includes the techniques to study the material properties. Most commonly used are transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray crystallographic characterization etc. The second group includes optical techniques to study device performance at a microscale, among them the most common are micro photo-and electroluminescence (micro PL and EL). However, the luminescence techniques have a fundamental limitation since their resolution cannot be much smaller than a photonic wavelength. The nanostructures, especially nanowires, are typically of the order of 100 nm and even less, therefore they require a characterization method with a proper resolution. One of these characterization methods is the electron beam induced current (EBIC) technique.

Here I describe shortly the EBIC technique, more details about EBIC basics can be found in Chapter II.

The EBIC characterization probes the current extraction properties of a specimen with the resolution defined by the SEM setup, so it can go down to 1 nm for modern electron microscopes. The induced current extraction is tightly connected with the processes happening in the devices in their normal operating conditions. It is especially true for the photovoltaic devices since the electron beam induced current is very similar to photon induced current. The possibility to probe the current generation and extraction in an EBIC experiment is unique.

An EBIC experiment is relatively easy, quick and inexpensive. The cost of the equipment (high resolution SEM setup and EBIC probe station setup) is high, but once they are installed, the operational expenses are slightly higher than the SEM operational cost. Since EBIC provides a lot of data about the specimen material, in some situations it can substitute expensive and time-consuming TEM and scanning tunneling microscope (STM) experiments.

In the study that I present in this manuscript, the EBIC measurements are motivated by a need to understand details of the NW-based III-N and Si structures, which cannot be acquired otherwise, but which are crucial for a device optimization.

Outline of the manuscript

In Chapter II of this manuscript, an introduction to EBIC technique is given. In Chapter III, I report on a study of NW-based InGaN/GaN blue LED prototypes grown on GaN-on-sapphire templates by GLO company. In Chapter IV I present the development of InGaN/GaN microrod/PDMS membranes for blue LEDs, and a study of individual nitride microrods. The last Chapter V is dedicated to the EBIC study of the SiNW solar cells characterization and to characterization of GaN NWs grown on Si wafer for tandem solar cells. Each chapter contains conclusions, and the general conclusions are presented after the last Chapter V.

After the general conclusions the list of author publications related to the PhD work is given. The list of all the references can be found in the end of this manuscript.

The manuscript has several Annexes. Annex A contains a Matlab program code for numerical simulation of the top view EBIC signal in a GaN microrod. Annex B contains additional SEM images and EBIC maps supporting the discussions in Chapters III-V. Annex C contains a report on a study of GaN thin film solar cells, which was not mentioned in the manuscript because of its small size and a tangential topic with respect to the manuscript content (it is focused exclusively on thin films).

Chapter II Basic principles of electron beam induced current analytical technique

II.1. Electron beam induced current microscopy

The history of investigation of the interaction between the solid state matter and the electron beam is very old [Rut1899]. From the beginning of the XX century, with the Ernest Rutherford experiments on the electron (named as 'βrays' in the original papers *Rut1911+) scattering by atoms of nitrogen and other elements, this investigation provided physics with its most fundamental laws and notions, including modern form of classical electrodynamics, quantum mechanics and electrodynamics, and quantum field theory.

For the applied science, the profit from the electron beam and solid state matter interaction research is remarkable. Since the high magnification scanning electron microscope with a focused electron beam was invented by Manfred von Ardenne in 1937 [Ard1938], the first prototype of his microscope had employed many basic principles of the modern SEM. After some significant changes of the SEM architecture made by Charles Oatley and Dennis McMullan in the early 50s [McM1995], the invention was recognized as one of the most powerful tools for electronic device characterization. Nowadays SEM setups are widely spread; almost every department of the applied science in the world has at least one SEM setup heavily used by several groups of researchers.

SEM is commonly used for high magnification imaging. However, an SEM setup can provide other information about electronic device specimen apart from the morphology. An electron beam irradiation initiates a complex cascade of physical and chemical events in the studied specimen, which can be tracked through electron (SE, BSE), optic (CL and X-ray), and electric (EBIC) channels [Ege2006]. A semiconductor system is sensitive to the conditions of the e-beam irradiation, and the effect, which the electron beam produces in the semiconductor specimens, is sensitive to the studied structure and material composition. Therefore, a morphology study is supplemented by deep intrinsic structure and device performance characterization while using SEM.

Elastic and inelastic scattering processes that occur simultaneously within the sample describe the interactions between the electron beam and the specimen [Gol2003]. The region of the specimen which is affected by the electron beam is called the interaction volume. The interaction volume can extend from a few nanometers to a few microns below the surface depending on the beam and sample parameters. Elastically scattered electrons can be detected as a backscattered electrons signal (BSE). During elastic scattering, electrons of the beam dramatically change the direction of movement with almost no change in momentum and energy, thus this scattering process mainly extends the size and shape of the interaction volume with no effect on the specimen. Inelastic scattering process results in energy transfer from the beam electrons to the bound valence electrons in the specimen. During a single inelastic scattering event, one beam electron can transfer an amount of energy ranging from less than 1 eV to the full energy of the beam electron. By stopping the beam electrons, inelastic scattering limits the size of the interaction volume. The dispersed energy goes to generation of phonons, plasmons, Auger electrons, characteristic X-rays, continuum X-rays, secondary electrons (SE), and electron hole pairs (EHPs) [Gol2003]. EHP generation in a material with a bandgap is the basis for the electron beam induced current (EBIC) microscopy.

EBIC is an electron microscopy technique that can be used for the electrical characterization of semiconductor materials and devices. SEM-based EBIC can provide information on electrically active defects, diffusion of carriers, surface recombination mechanism, bulk recombination mechanism, trapping centers, and p-n junction position and homogeneity [Bun2005].

In a semiconductor material, the incident electron beam generates electron hole pairs (EHPs) within the interaction volume. These charge carriers diffuse through the lattice until a recombination or trapping event occurs. If an internal electric field exists within the sample, electrons and holes of the EHPs generated by the beam can be separated (Fig II.1). A connection of the specimen to an external electrical circuit allows to collect the separated carriers as a current. While capturing an SEM image, a focused electron beam stays in the same area for a typical time of the order of 10 µs, while the generated current is collected. The value of the collected current serves as a grayscale contrast for the corresponding pixel of the constructed EBIC map. As a result, we obtain a pair of images: an SEM image and an EBIC map of the same area of the studied specimen. The external circuit allows application of an external voltage to the specimen. In this case, the EBIC signal is the difference between the measured current with a blanked electron beam (dark offset) and the current, measured with the electron beam surveying the specimen.

Therefore, the following factors determine the measured EBIC map in a study of a semiconductor specimen: i) Properties of the electron beam-specimen interaction such as: size and shape of the interaction volume, especially equi-energetic surfaces; specimen material transformations due to the electron beam exposure, especially effect of local annealing, charging and carriers trapping; effects due to the specimen geometry, especially important in a nanostructured specimen;

ii) Electrical properties of the material, namely local properties, such as EHP lifetime, local electric field, carriers diffusion length; and longrange properties such as series resistance, contamination of the specimen surface (e.g. carbon contamination), and the specimen surface electronic structure;

iii) Contacts properties such as access resistance, value of the contact potential barriers, position of the electrode probe tips of the EBIC setup and, in case of proximity of the contacts, their influence on the studied region.

In the next sections, these basic factors are discussed: beam-specimen interaction (i), material (ii) and contact (iii) properties.

II.2. Beam-specimen interaction

The size and shape of the interaction volume determines where the EHPs are generated. In normally used regime of high resolution SEM imaging, the electron beam in the SEM setup is focused on a small area of tens nm 2 size, but the interaction volume diameter for such semiconductor materials as arsenides, nitrides, silicon and other is never smaller than several tens of nanometers even at the lowest acceleration voltage of the SEM (i.e. 0.5 kV for our setup). For typically used acceleration voltage in the range of 5-10 kV the size of the interaction volume is of hundreds of nanometers or one micron in diameter, and for maximal value of 30 kV it can be of the order of ten microns. Therefore, while the coupled SEM image provides us with a detailed picture of the studied area, each pixel value of the EBIC map is a product of the system reaction to the volumic effect that cannot be smaller than the interaction volume size. To estimate the interaction volume size and shape we use CASINO software [weblink3]. The software simulates electron interaction with atoms in solids, some simulation results for Si and GaN are presented in Fig II .2. The quantity of the EHPs generated by the electron beam in the studied area is determined by the equi-energetic surfaces of the interaction volume (Fig II .3). The energy dissipated between two equi-energetic surfaces is consumed to create EHPs. A numerical modeling of these surfaces provides the information as to where and how many EHPs are produced in the experiment. Because the EHPs must diffuse to the local intrinsic fields in order to be separated and collected as a measured current, the shape and size of the interaction volume determines to a great extent the resolution of the EBIC map. The electron beam irradiation also leads to the local heating of the specimen. With a 10 kV acceleration voltage and 10 pA beam current, the power of the electron beam irradiation is of the order of 10 -1 µW. For a typical size of the interaction volume of 1 µm 3 , the mass densities of order of 2 and 6 g/cm 3 and the specific heat values of 0.7 and 0.5 W g -1 °C-1 for Si and GaN, respectively, the estimated heating rate is of order of 10 4 °C per second, assuming all the beam energy goes to the heating and the material is thermally isolated. This heating affects electrical conductivity (can raise or lower it depending on the studied material system configuration), it can also improve the material quality due to the local annealing or lead to the material degradation by creating point defects.

In the case of presence of an isolating material such as oxides on the specimen surface or inside the material, beam electrons can charge the examined area [Caz2004]. The charging leads to a disturbance of the SEM image by distortion of the beam electron trajectories. The electric fields created by the material charging affects carriers diffusion and current collection, therefore affecting the EBIC map.

Charging suppresses the carrier collection due to creation of the potential barriers for the carriers. However, the exposure to electron beam can also enhance the collected current, if electrons or holes saturate the trap states, and the created charge field compensates existing local barriers [Tch2015].

Electrons of the beam can dramatically increase the conductivity of the interfaces and therefore the current collection [Sno1967].

Under certain conditions, the size of the interaction volume is comparable or even larger than the carrier diffusion length in the studied region of the specimen. The generated EHPs can produce the EBIC signal only if they are generated at the distance to the intrinsic electric fields not exceeding the diffusion length [Lea1982]. The intersection of the interaction volume (increased by the carrier diffusion length) and the intrinsic electric field area determines the amount of current being collected. In case of nanostructured devices this effect of the specimen geometry should be considered as an important factor determining the collected current, especially in nanowire structures, when the typical size of the nano-objects is comparable or even less than the size of the interaction volume.

II.3. Material properties

The properties of the specimen material determine the amount of current measured in an EBIC experiment. It is the reason why the EBIC technique can be used for characterization of the semiconductor materials and devices.

The EHP lifetime is a crucial material parameter: to be collected as a current, EHP needs to survive long enough before recombination in order to be separated by the intrinsic field

[Roo1955] [Bre1981], [Guer2000], [Don1982].
Both radiative and non-radiative electron-hole recombination decreases the collected current. Generally, the longer EHP lifetime is, the higher is the collected current.

The generated EHP should be separated by the intrinsic electric field in order to be collected [Wuer2015]. A high electric field separates EHP more effectively than a low field, especially in the materials with a high exciton binding energy.

If electric field can be considered high enough, all the EHPs that have diffused to the electric field region are separated.

Defective or doped semiconductor materials have carrier traps. The carriers trapping enhances the non-radiative and in some specific cases the radiative recombination channels [Yam2014], [Kui2012], [Gar2012], [Cohn2013] and creates local electric fields [Kit2002], [Pas1981], [Kit1996]. Both effects influence the collected current (usually they decrease it).

Variation of the material content affects the local electronic structure and electrical properties of the material. The amount of collected current can be sensitive to this variation. For example, highly doped material has high free carriers concentration, and free carriers effectively absorb or screen beam electrons (Fig II .4). An inhomogeneous material composition in an active region of a semiconductor device makes the intrinsic electric field dependent on position in the active region. With a forward external bias applied to the devices with a p-n junction, the intrinsic field in the active region has the opposite direction with respect to the external field. This can lead to a different sign of the collected current depending on the applied bias in case when the band edge is flattened [Lav2014]. Carriers diffusion length determines the size of the area producing EBIC signal. The carriers diffusion process during an EBIC measurement was investigated in several early works [Roo1955], [Ber1976], [Ioan1982], [Lea1982], [Don1982], [Kui1985], [Ong1994], [Gue2000], the theoretical analytical expressions proposed in these works are different and depend on the experimental conditions. In particular, the influence of surface recombination is accounted for in different ways. For semiconductor devices with a p-n junction, the most important parameter is the density of the generated minority carriers [Sze1981], [Edw2000], [Rep2011]. If this density is much lower than the density of the majority carriers, a minority carrier diffusion takes place [Kum2005] (majority carriers can be excluded from consideration in this case); otherwise, there is a bipolar diffusion [Alek2003]. In the first case, minority carriers diffuse to an intrinsic electric field region to be separated and collected as a current; in the second case, the diffusion of both minority and majority carriers should be taken into account to interpret the experiment.

It should be noted, that a higher generated EHP density is achieved at low acceleration voltage [Bun2005], because with the rising acceleration voltage the interaction volume size increases faster than the number of generated EHPs.

If the diffusion length is high as the diffusion takes place, for example, in a good quality crystalline silicon [Rad2015], then an EBIC map cannot resolve small features of the device structure. Indeed, the brightness of a pixel of the EBIC map is an amount of current collected during electron beam bombardment of the corresponding area, but having a higher diffusion length, EHPs can diffuse far away from the area, where they are generated. It means that the pixel brightness of the EBIC map is produced by the EHPs generated in the whole area of the diffusion, which size is much larger, than the features of the analyzed specimen structure.

The material interfaces in the nanostructured devices have a very complex electronic behavior [Ben1996] [Kim2006], which usually affects EBIC signal. We can mention electric potential barriers [Ber1984], a high risk of occurrence of crystalline defects [Wos2000], and presence of the unintentionally deposited materials such as monolayers of SiN in nitride NWs structures [Eym2012].

Some material properties affecting the collected current during an EBIC experiment are not local but long-range. The most important property is series resistance of the specimen. High resistance lowers the current collection, and low resistance allows collecting a stronger current [Lav2014].

Despite all the cleaning procedures and precautions, specimen can be contaminated by organic materials. It affects the experiment mostly by charging effect, discussed in the previous section. One type of contamination is called carbon deposition. It is a chemical process occurring in a presence of C atoms in the SEM chamber on surface areas of the specimen exposed to the electron beam [Vlad2005]. A thin carbon film formed on the specimen surface changes the surface electronic properties. The surface electronic structure (i. e. Fermi level pinning, surface states and other irregularities due to the breaking of crystalline lattice translation symmetry at crystal borders) is itself a longrange material property, affecting the results of an EBIC experiment.

II.4. Contact properties

Before being measured in an external electric circuit, the collected current has to pass into the contacts to the specimen. The contact resistance limits the collected current. The contacts to the specimen may be ohmic or may create a potential (Schottky) barrier to the specimen material depending on the work function differences and the electron band matching. A high Schottky barrier can prevent the carriers from leaving the specimen, so no EBIC signal from the inner specimen area will be presented on an EBIC map. The Schottky barrier field also separates generated EHPs, and it can be seen in an EBIC map as a signal from the area close to the contact. If the probes of the EBIC setup are put directly on the semiconductor material without metallization, the material of the probes should be chosen appropriately to avoid Schottky barrier creation between the probe tip and the specimen.

A sharp tip of the EBIC setup probe makes the collected current flow through a small area of the tip contacting the specimen. A high density of the current flow generally modifies local material electronic properties and may be destructive to the specimen material due to the heating and/or high current density breakdown. In experiments with applied bias, the dark offset current can be especially destructive.

Before contacting, there is an electric potential difference between the probe tips and the specimen due to the electron beam, which may charge the probes. After contacting, it leads to discharging through the specimen. While being negligible for large specimens studied, this discharging current can breakdown nanoscale objects such as small diameter NWs. To avoid it, I have systematically contacted the probe tips to one of the specimen contacts to bring the tips and the specimen to the same electric potential. Then, with one tip still in contact with the specimen, another tip can be connected to another contacting site. This simple procedure allows to avoid damaging of nanowire samples.

Normally an electric connection between the probes and the specimen is unstable and can be easily disturbed by parasitic vibrations or drifting. Therefore, during EBIC mapping the I-V measurements should be periodically repeated and/or the probe tips should be slightly pressed to verify the electric connection.

The measured EBIC signal is usually weak, of the order of tens of nA (in some cases up to few µA). The cables connecting the EBIC setup with the current amplifier are affected by the electro-magnetic radiation of the environment (i. e. SEM controllers, the equipment in the next rooms etc). In spite of the cable screens, this radiation induces a 50 Hz noise, which can be seen in some cases in the EBIC maps. We spent a lot of time trying to protect the cables from this parasitic signal, but still during some measurements it is significant and can be distinguished as stripes or squares in the measured EBIC maps.

Conclusion

This chapter summarizes general features of the EBIC microscopy. The EBIC characterization technique is very sensitive to specimen material and electrical contact properties. It makes the measurements well suited to the specimen characterization but at the same time challenging. The main issue is properly taking into account the interaction between the electron beam and the specimen material as well as the electrical contact properties. Several important comments are made below.

The surface of the specimen, which generally has a complicated structure, affects the measured EBIC signal. Before every measurement the surface characteristics of the specimen material should be studied to choose proper beam settings and contacting method.

Sometimes the EBIC results may be ambiguous: current generation and extraction are complex, and many factors should be taken into account. Therefore, it is advantageous to combine the EBIC measurements with other macro-or microscopic characterization techniques (such as the current-voltage measurements and optical spectroscopy).

It should be also noted, that EBIC map resolution is limited not only by SEM imaging resolution, but also by carrier diffusion length in the studied material.

Because of the large diversity of the nanostructures, the diffusion processes are very specific for each studied specimen. The proper diffusion model should be chosen from a variety of the existing theoretical works. However, in many cases for a rough estimation the simplest model fitting the EBIC profile with an exponential decay function can be used.

Chapter III. GaN microrod blue LED processing and characterization

III.1. InGaN/GaN microrod blue LED processing and characterization

In this section, I describe the analyses of nitride microrod LEDs.

The industrial-grade blue LEDs based on InGaN/GaN core-shell microrods were grown by GLO Company. Our group processed the structures into devices and characterized them to assess the performance and provide a feed-back for the growth optimization.

III.1.1. InGaN/GaN microrod structure and device fabrication

The vertical InGaN/GaN core-shell microrods have been formed on an n-type GaN/sapphire template by selective area growth by MOVPE using a SiN dielectric mask with sub-micrometer openings.

First, an n-doped (∼1 × 10 19 cm -3

) GaN core with a diameter of ∼200-250 nm is formed. It is laterally overgrown with a 200 nm thick n-doped (∼5 × 10 18 cm -3

) GaN underlayer. Then the active region containing one 7 nm thick InGaN quantum well with 12-16% In content and an AlGaN electron blocking layer is deposited. Finally, a 150 nm thick p-doped GaN shell is grown with a Mg concentration of ∼5 × 10 19 cm -3

. The growth is terminated with a p In the EL spectra at low working current, the green line at 490 nm wavelength dominates, while with the increasing injection the blue line at 420 nm arises. This behavior can be explained by a preferable injection in the In-rich areas of the active region at low bias, while for high biases the current in the In-rich region saturates and the injection in the In-poor regions becomes dominant; another explanation of the blue shift is a lower IQE in the In-rich areas due to the higher crystalline defects density, limiting the performance at high injections. The investigation of the inhomogeneous electrical activity in the active region motivated EBIC experimentation.

III.1.3. Top view EBIC characterization

The material deposition on the top semipolar planes of the microrods has been intentionally minimized by adjusting the growth conditions. As presented in Fig III .1c, the shell layer in the pyramidal top of the microrod is significantly reduced. The goal was to eliminate any current flow through the semipolar facets to optimize the LED emission spectrum and to achieve a homogeneous injection in the active sidewall planes. I have first analyzed the electrical activity of the semipolar facets of the nanowire LED.

To probe the top facets electrical activity, the processed device was characterized in a top view EBIC experiment. The appropriate acceleration voltage was chosen in advance, using a CASINO simulation.

The simulations showed, that 10 kV electron beam acceleration voltage is high enough to pierce the ITO contact. At the same time, the interaction volume has a rather small diameter (about 200 nm), allowing an accurate specimen probing. ITO contact absorbs most of the beam energy (see Fig III .4b), so that the low excitation conditions are fulfilled. For contacting with EBIC setup electrodes, the studied specimen was specially prepared. A small, less than hundred micron diameter indium piece was cut from an In ingot by a razor blade. This piece was placed with tweezers onto the metallic frame contact pad and pressed by the tweezers handle. The soft indium prevents probe tips from being bended and improves the contacting conductivity, while not damaging the microrods. ). The parameters such as the penetration depth and interaction volume size were taken from CASINO simulations; the interaction volume was considered as a sphere with a center lying close to the ITO/GaN interface. Several remarks should be added to this analysis of the experimental results.

Fig III.5. a) Top-view SEM image and (b) corresponding normalized EBIC map collected from the LED sample with 200 nm ITO thickness. c) Simulated EBIC map considering a homogeneous p-n junction on the semipolar facets. d) Simulated EBIC map considering that the p-n junction is absent over the upper 2/3 of the semipolar facets. e) Experimental (full curve) and simulated normalized EBIC profiles cutting the wire perpendicular to the m-planes along the dashed lines in panels (b)-(d). The dotted curve corresponds to the map of panel (c) and the dashed curve corresponds to the map of panel (d)

 The program does not simulate the carrier diffusion processes. This approximation is motivated by a very short experimentally-measured value of diffusion length in the GaN microrods due to their high doping level. As it will be shown in the following, in this study it is less than 30 nm for electrons in p-GaN shell and 80 nm for holes in n-GaN underlayer.

To take into account the diffusion, the simulated interaction volume was correspondingly increased.   A zero EBIC signal in the center of the microrods can be observed only if the p-n junction does not exist in the microrod tip.  In the homogeneous p-n junction simulation, the reduction of the simulated EBIC signal in the center of the top surface is due to the geometry: the overlap between the interaction volume and the p-n junction is minimal, when the electron beam hits the very tip of the microrod.   The penetration depth and interaction volume size is very sensitive to the ITO thickness. The simulations with the ITO thickness taken exactly from the cross-section SEM and the interaction volume parameters from the CASINO simulations would provide with an accurate fitting, assuming the ITO thickness was conformal. However, the ITO thickness can vary, and we do not know its exact value for the microrods in the measured EBIC maps.

III.1.4. Cross-sectional EBIC characterization

I have then studied the details of the radial p-n junction properties in the crosssection EBIC experiments. The sample preparation includes several steps. We need to describe them in detail, because it is important for the cross-section EBIC experiment.

GLO Company provided us with 2-inch diameter c-plane wafers of grown microrods. In the wafer periphery the microrods are significantly shorter and lower in quality because the NW growth is highly sensible to the growth conditions and source material fluxes, therefore only the center part of about 1-inch diameter with optimized microrods is suitable for the characterization. For further processing, one of these halves is similarly cleaved into three equal pieces; the cleavage axes are [01-10] and [-1010]. One sixth piece of the wafer is used for processing and characterization (other parts were kept for additional studies if necessary). However, it is too big for the EBIC loading equipment, and after contact deposition the samples were cut once again as shown below. When the specimen is cleaved to an appropriate size, indium pieces are placed on the metallic frame contact similar to the top view EBIC experiment preparation procedure. After pressing, the indium pieces are still tens micron thick and are clearly visible in the SEM high resolution microscope. The indium pieces have to be placed not further than 1 mm from the cut edge of the specimen, because the EBIC tips have limited navigation range due to the crosssection sample holder configuration. The distance between the top and the bottom contact sites have to be less than 1 cm, otherwise the EBIC probe tips cannot approach the top and bottom contacts simultaneously.

After the cleavage, some of the microrods in the cut edge are cleaved close to their center. The halves of these microrods are still contacted by ITO on the shell and remained part of the core. The cleaved microrods make possible to probe directly the internal structure. The electron beam acceleration voltage should be chosen as small as possible in order to get a local response from the system. 10 kV of the acceleration voltage in the top view EBIC experiment resulted in an around 200 nm interaction volume diameter, because the 200 nm ITO contact effectively absorbs the electron beam energy, but for the direct irradiation of the GaN in the cross-section the 10 kV acceleration voltage creates a 600 nm diameter interaction volume, which is comparable with the dimensions of the microrod. On the other hand, a low acceleration voltage with a small interaction volume diameter creates a high density of generated EHPs [Bun2005] and therefore is not suitable for the study of diffusion processes, because high excitation conditions lead to the bipolar diffusion instead of minority carrier diffusion. 

f). (g) EBIC profiles at 2 kV electron beam acceleration voltage, 5 kV electron beam acceleration voltage and 10 kV electron beam acceleration voltage at the half height of the microrod #1 perpendicular to the wire axis. (h) EBIC profiles at the top, middle and bottom part of the microrod #2 perpendicular to the wire axis at locations marked with dashed rectangles in panel (f).

We used a 2 kV acceleration voltage with a 70 nm interaction volume diameter for a high spatial resolution. The higher acceleration voltages of 5 and 10 kV lead to an interaction volume diameter of 220 and 600 nm, respectively. At At 2 kV acceleration voltage, the EBIC signal is located in the p-n junction area at the sidewalls. Horizontal profiles of the signal taken at different locations in the microrod have similar shapes. This shape invariance is a signature of a good homogeneity of the crystalline quality of the material along the microrod axis. Indeed, the material quality affects the diffusion lengths at a high degree, therefore a constant EBIC profile cannot be obtained in an inhomogeneous rod.

The width of the central flat part is related to the doping concentration. Its invariance indicates that the p-and n-doping concentration of the GaN claddings does not significantly vary from the rod base to the top.

To extract the minority carrier diffusion lengths, we decided to employ a simple exponential model. The surface recombination rate is rather low in the cleaved nitride surface [Alek2003]. The localized EBIC signal indicates a small diffusion length. The interaction volume is also small, and therefore, we can assume a linear diffusion process, described by an exponential formula:

where I EBIC is the EBIC profile, I 0 is the maximal value of the EBIC signal at the p-n junction at x = 0, L e and L h are the minority carrier diffusion lengths for electrons and holes, respectively. However, this model can only be applied under weak injection conditions, i.e. when the generated minority carrier concentration remains negligible compared to the equilibrium concentration of majority carriers. As discussed in Chapter II, the generated carrier density is given by the following expression [Bun2005] where G is the generation rate of electron/hole pairs, V is the generation volume (calculated to be equal to 5.2 × 10 -16 cm -3 , 3 × 10 -15 cm -3 , 1.1 × 10 -14 cm -3 , 3.9 × 10 -14 cm -3 for V acc of 2 kV, 3 kV, 4 kV and 5 kV, respectively) and τ is the carrier lifetime (taken to be 2 ns [Mic2005]). The generation rate is expressed as where I is the beam current impinging the sample surface, f is the fraction of the electron beam energy that is reflected (f value lies between 0.125 and 0.135 for the considered V acc range [Bun2005]) and E eh is the energy expended by the incident electrons in the formation of an electron-hole pair (E eh corresponds to approximately three times the bandgap energy of GaN) [Bun2005]. Note that in this estimation the generated carrier density is approximated as being constant within the excitation volume. The calculated carrier density is 2 × 10 18 cm -3 at V acc = 2 kV, 5 × 10 17 cm -3 at 3 kV, 2 × 10 17 cm -3 at 4 kV and 7 × 10 16 cm -3 at 5 kV. By comparing the generated carrier concentration with the equilibrium carrier concentration due to the doping (in our case ∼5 × 10 18 cm -3 for electrons and ∼5 × 10 17 cm -3 for holes), the assumption of weak injection conditions starts to be valid above 3 kV for the hole diffusion in the n-GaN underlayer and above 4 kV for the electron diffusion in the p-GaN shell. Based on these estimations, for the employed acceleration voltage of 2 kV the weak excitation conditions are not necessarily fulfilled, so that the fit extracted from the EBIC profile does not yield directly the diffusion length. (I underline here that in this estimation I have neglected the spreading of the generated carriers, so that the effective concentration of the carriers may be lower).

The horizontal profiles of the EBIC signal present an exponential behavior with a characteristic length of 70 ± 10 nm in the n-doped GaN underlayer and of 25 ± 5 nm in the p-doped GaN shell. According to the previous remark, these values cannot be directly interpreted as the minority diffusion lengths, because at 2 kV a bipolar diffusion is expected. It is noteworthy that for an LED the minority carrier diffusion length is not a critical parameter since the LED operates under the majority carrier injection. Nevertheless, this analysis is useful because the extracted parameters are related to the carrier diffusion, which in turn is related to the material quality. The extracted exponential fit is the same in the bottom, middle and top part of the nanowire. This indicates that there is no significant variation neither in material quality of the n-GaN and p-GaN layers nor in the doping level.

The variation of the magnitude of the EBIC signal along the wire axis provides additional information about the microrod device. As shown by the vertical EBIC profile of Fig III .14b, the EBIC signal decreases in the vertical direction towards the nanowire top. The reduction of the EBIC signal may have different origins. Indeed, the induced current depends on the generation efficiency (determined by the beam/semiconductor interaction), the carrier separation and extraction by the p-n junction (determined by the junction parameters and the carrier recombination rate), the perpendicular transport in the p-type shell and finally the parallel transport in the n-doped region along the wire axis toward the contact (determined by the core and underlayer resistivity). The generation efficiency is mainly determined by the beam parameters and the interaction volume and can be assumed constant over the cylindrical microrod part. Due to the high doping level of the n-GaN, the core and the underlayer are expected to be equi-potential and the transport efficiency is close to unity. Therefore the factor responsible for the EBIC signal variation should be the variation of the properties of the p-n junction. The lower EBIC signal at the top could potentially be attributed to a higher defect density in the top nanowire part increasing the non-radiative recombination. However the hypothesis of an increase of the defect density is in contradiction with the constant shape of the horizontal EBIC profile at different positions along the wire axis.

Fig III.14. (a) SEM image of a cleaved NW (vertical lines indicate the positions corresponding to the nanowire base and to the end of the m-plane, respectively). (b) Normalized EBIC profile parallel to the wire axis (corresponding to the EBIC map of Fig III.12f). (c) Normalized CL profile spectrally filtered for quantum well emission wavelengths ranging from 390 nm to 550 nm parallel to the wire axis. (d) Cross-sectional SEM image of the studied region acquired in the CL set-up. (White dashed polygons indicate the cleaved nanowires.) (e) CL map at V acc = 5 kV spectrally filtered for GaN near band edge emission energies between 3.2 and 3.53 eV. (f) CL map spectrally filtered for quantum well emission wavelengths from 390 nm to 550 nm at V acc = 5 kV.

(Note that the CL and the EBIC profiles have been measured on different microrods.)

To better understand the origin of the EBIC signal reduction, CL mapping under V acc = 5 kV at room temperature has been performed on the sample crosssection. The CL experiments have been performed by G. Jacopin at EPFL in an SEM microscope JEOL 7001F. The spectral images were recorded with a Jobin Yvon Spectrometer HR320 coupled with a CCD camera. Fig III .14f shows a CL map spectrally filtered for the quantum well emission wavelengths (390 nm -550 nm). To easily identify the cleaved microrods, a CL map of the same region spectrally filtered for emission energies between 3.2 and 3.53 eV corresponding to the near band edge emission of GaN is shown in Fig III .14e. The emission of the p-doped shell is weak because of a high Mg concentration and of non-radiative recombinations on the lateral surface, whereas the emission of the n-GaN underlayer is much stronger. Therefore, the cleaved microrods for which the underlayer is directly exposed to electron excitation appear as bright double stripes in Fig III .14e. It should be noted that the GaN near band gap emission of the rods represents only 10% of the total CL intensity, the main contribution arises from the InGaN quantum well.

Fig III.14c shows the CL profile parallel to the wire axis corresponding to the map of the panel (e). It is seen that the emission intensity increases toward the microrod top. This observation further contradicts the hypothesis of a degradation of the material quality toward the top of the m-planes. We attribute this effect to a gradient of the In composition in the quantum well: the In content progressively increases from ∼0.13 to ∼0.18 along the m-planes from the bottom to the top as evidenced by the EDX structural measurements performed by GLO laboratory (EDX image publication is not allowed). The peak wavelength is red-shifted by ∼50 nm for the two excitation positions. With increasing In composition the quantum well potential increases and consequently the carrier extraction becomes less efficient. The carriers are trapped in the quantum well for a longer time and the recombination probability increases. In addition, the carrier extraction efficiency is reduced because of the increase of the Al content in the electron blocking layer from ∼0.09 in the base part to ∼0.19 in the top part of the m-plane as evidenced by the EDX measurements. The reduction of the extraction efficiency explains both the increase of the CL signal and the decrease of the EBIC signal along the wire axis. It is difficult to make quantitative measurements of CL to quantify the percentage of generated carriers producing luminescence, however the opposite trends observed for CL and EBIC indicate that the decrease of the electrical signal may be compensated by the increase of the light emission. We conclude that the reduction of the EBIC toward the nanowire top is not due to degradation of the material quality, but to the compositional variations in the quantum well and in the electron blocking layer leading to a reduction of the extraction efficiency and to an increase of the carrier recombination in the quantum well. It should be noted that because of the need for a freshly cleaved surface for both experiments, the CL and the EBIC profiles have been measured on different nanowires that may have slightly different In compositional gradient. This may explain the difference between the EBIC and CL profile derivatives, which do not exactly compensate each other. However, an abrupt decrease of the CL intensity is observed close to the m-plane/semipolar plane junction (coordinates larger than 1.5 μm), which may be due to the contribution of non-radiative defects in the upper In-rich part of the quantum well.

During the cross-sectional EBIC measurements an unusual behavior has been observed. Some of the microrods produced an "abnormal" signal located in the area between p-n junction region and the base of the microrod core. I refer to this signal as "abnormal" since this area does not correspond to a p-n junction and we do not expect to observe any EBIC signal at this location. The abnormal signal undergoes several transition stages under electron beam irradiation in the characteristic time of 20-30 minute. These stages are detailed below.

The first stage is a semicircle signal with a center in the base of the NW core, as shown in EBIC maps of the half cut microrod in Fig III .15. In the second stage, the abnormal signal is located at the core/underlayer interface and disappeared from the core NW base. In order to track the effect in a high resolution, the acceleration voltage was decreased to 3 kV. In the second stage, the SEM dark image contrast is located at the NW core as shown in Fig III .17. In the final stage, the EBIC signal is similar to the normal microrods, producing the signal in the p-n junction region (Fig III .19).

Fig III.19. The final stage of the EBIC signal is located in the p-n junction area similar to the normal microrods, 2 kV electron beam acceleration voltage, time 37 minutes.

We could not find any observation of similar effects in the EBIC literature. The only comparable report is on the suppression of the EBIC contrast due to a modification of a defect charge state under electron beam irradiation in InGaN/GaN 2D structures [Ver2011]. It is important to stress that this is not a single microrod effect, the abnormal signal happens in 7-10 % of the microrods, as we later discovered in the top view specimen mapping (we will discuss it below). Also, the abnormal signal was recorded in a similar microrod core-shell InGaN/GaN blue LED, that sample had significantly different morphology with two times shorter and 50 % wider rods.

The most enigmatic is the first stage of the abnormal EBIC signal, located in the semicircle with a center in the base of the core NW (Fig III .15), because it does not follow the intrinsic microrod structure. The dark SEM image contrast may be interpreted as a local difference of the surface potential. The localization of the EBIC signal and SEM contrast near the NW core base may be associated with some defects formed in the early stage of the NW growth. Indeed, the NW growth starts by a nucleation step producing first a pyramidal structure, which is then transformed into a wire. These defects, producing an electric field, might cause the SEM image darkening of the local area.

In the second stage, the EBIC signal is located near the underlayer/core interface (Fig III.17). Obviously, there must be a local field, which separates the EHPs. It cannot be explained by the difference of doping levels between the core and the underlayer: both materials are highly n-doped and the junction should be perfectly ohmic; moreover, the doping interface cannot explain the absence of the p-n junction signal. The abnormal EBIC in the second stage is rather homogeneous, this leads to the conclusion, that in the interface some electrically active defects (e.g. charged traps) were formed along the whole interface when switching from the axial growth to the radial growth. Whatever it is, it can be healed by the electron irradiation. This healing effect appears to be permanent since in the following hours of the experiment the reverse transformation did not happen.

It may be supposed, that electron traps were formed at the interface, and after the formation, they were filled by surrounding conduction electrons of the core and underlayer. Filled traps create a symmetric barrier to the electrons produced from the generated electron-hole pairs separated by the p-n junction field, therefore the p-n junction signal is not present (see Fig III.17). This also explains the SEM image contrast: the core and the underlayer surfaces have different electrostatic potentials, because electric connection between them is disturbed. The field of the filled traps produces the same sign EBIC signal as later the p-n junction field, because the electrons, separated into the core can be collected as well as the holes, separated into the underlayer, while the electrons, separated by the symmetric barrier to the underlayer are blocked by the p-n junction field. The holes, generated near the underlayer/core interface, are attracted and captured by the negatively charged traps, reducing the trapped charge (Figs III.20ab); it explains the transition from the second stage to the final stage -the normal signal from the p-n junction region. We have two hypotheses about the origin of the traps. The first is the formation of a thin SiN x layer on the core NW surface during the switching to the two-dimensional growth of the underlayer. During the switching the reactor chamber still contains enough nitrogen and silicon to form a monolayer of SiN x (which may be discontinuous) or other complexes of silicon nitride or even some contamination. This effect has been reported in spontaneously grown nanowires [Eym2012]. We speculate that this thin layer embedded between the GaN core and the underlayer can trap electrons, and under the electron exposure can be restructured. The second hypothesis is the association of thе abnormal EBIC signal with a crystal domain switching: while the GaN core NW is grown on the SiN x mask openings, inheriting the 2D GaN (0001) orientation, the underlayer is attached to the SiN x mask, and can grow in the (000-1) direction.

To investigate our hypotheses, we etched an unprocessed sample in a KOH solution (Fig III .20c). The 3D layers of shell, active region and underlayer are etched faster than the core. It supports both hypotheses, but does not favor a single one, because KOH etches the N polarity faster than the Ga polarity, and KOH etches slowly silicon nitrides. Still it proves the underlayer/core interface has a crystalline irregularity.

Conclusion

To summarize this section, in the EBIC experiments on the InGaN/GaN microrod LED structure the electrical properties were studied in detail. The p-n junction was localized and proved to be homogeneous (in terms of material quality and doping of the p-GaN and n-GaN layers). The current extraction was found to be inhomogeneous along the microrod axis and this inhomogeneity was quantitatively estimated by the vertical EBIC profiles, giving a 50 % difference between microrod top and bottom. In agreement with the CL measurements, it was explained by a gradient of the In content in the InGaN quantum well and of the Al content in the AlGaN electron blocking layer. The horizontal profiles of the EBIC signal from the p-n junction region provided rough estimations of the minority carrier diffusion length, namely 70 ± 10 nm for holes in the n-GaN underlayer and 25±5 nm for electrons in the p-GaN shell. In the top view EBIC experiment we discovered, using modeling, that in the pyramidal cap of the microrod the p-n junction was partly formed in the lower 1/3 of the top facets. Around 10 % of the microrods produce abnormal EBIC signal from the core region, and under the electron beam exposure it persistently transforms to the normal p-n junction signal. Investigating the stages of this transformation, we assume that it is caused by the underlayer/core interface (this hypothesis is supported by KOH etching results). We suggest, that with improved control of the In content in the InGaN quantum well and of the underlayer/core interface growth procedure, the LED performance could be much improved.

III.2. EBIC characterization of InGaN/GaN microrod LED with post-fabrication treatment

A similar blue LED InGaN/GaN core-shell microrod structure grown by GLO AB Company was investigated both as individual emitters and array LEDs [Zhan2015]. The structure is different from the previously discussed one in two ways: the rods are shorter and thicker and a p-n junction is present on the entire surface of the semipolar facets. The TEM measurements showed that the QW thickness on the m-plane is 10 ± 1 nm. Energy-dispersive X-ray spectroscopy (EDX) analyses show that the In content in the QW is about 14 ± 1%. The QW thickness on the semipolar plane is strongly reduced to 0.7-1 nm. EDX mappings have demonstrated that at the m-plane/semipolar plane junction an In-rich region is formed with an In content of 23.5 ± 1%. The composition of the ultra narrow QW on the semipolar plane is also estimated to be 23.5 ± 1%.

In the reported study [Zhan2015] several sophisticated characterizations and post-fabrication treatments were performed, also described in detail in the doctoral thesis of H. Zhang [Zhan2016]. I will focus on my contribution to this work, namely the EBIC experiments and the EL mapping (I have also contributed to the processing, which follows the same procedure as described in the previous section III.1 and will not be repeated here). First, I will describe shortly the challenges encountered in the specimen characterization, which have motivated the EBIC experiments.

Similarly to the previous section III.1, my objective was to characterize the p-n junction properties, especially the electrical activity of the semipolar facets and the homogeneity of the current generation in the m-plane sidewalls active region. We have observed [Zhan2015], that during EL the microrod LED emits in two spectral regions, a blue region (440-480 nm) originated from the microrod sidewalls quantum well, and a green region (500-540 nm), originated from the In-rich region in the quantum well located at the junction of the m-plane and the semipolar plane facets. Therefore, we have developed specific procedures to inhibit (or "passivate") the electrical activity of the semipolar planes and to completely etch the microrod top part. These procedures detailed below allowed removal of the undesirable green region EL (Fig III .22g).

First, a conformal ITO contact was deposited on the microrod entire surface (both m-planes and semipolar planes) and the EL spectra were measured. After the measurements, the bottom 1 µm part of the microrods was covered with a protecting polymer, and the ITO layer on the microrod caps was removed by acid solution HCl: HNO 3 : H 2 O = 5: 1: 5 in 2 minutes wet etching. Then the material of the p-GaN shell was "passivated" for 2 minutes in RIE CHF 3 -based plasma at 300 W power and 30 mTorr pressure. The plasma treatment is known to degrade the conductivity of the Mg-doped GaN [Mas2014], [Chu2007] and to increase the metal-semiconductor barrier energy because of fluorine implantation [Pol2003]. The plasma treatment was used to reduce the conductivity of the unprotected parts of the p-doped GaN shell in order to restrict the electrical injection to the lower part of the m-plane sidewalls, without attacking the GaN semipolar facets. We refer to the acquired samples as the passivated. After the measurements of the passivated sample, the 150 nm of the GaN cap material was removed by chlorine etching [Zhan2016], we refer to these samples as the ICP-etched. The 45° tilted SEM image of the asprocessed, passivated and ICP-etched LEDs are presented in Figs III .22d-f. The EL spectra for the three above-described samples are shown in Fig III .22g. As seen, the green spectral line in the as-processed sample spectrum has almost the same intensity as the blue line. The passivated sample spectrum shows an increase of the EL intensity of the blue line and a reduction of the green line intensity, which is explained by the partial current redirection from semipolar planes to m-plane facets. The ICP-etched sample has a reduced integral emission intensity due to the material degradation in the top part of the microrods. Meanwhile, the green emission is completely suppressed with the removal of the material of the p-n junction region in the semipolar plane facets and of the In-rich top part of the m-plane quantum well.

Fig III.22. Processing schematics for (a) 'as-processed', (b) 'passivated' and (c) 'ICP-etched' samples (the colors denotehydrogen silsesquioxane (HSQ), indium tin oxide (ITO), metal contact and n-GaN layer). The corresponding SEM images of the nanowire array after (d) ITO sputtering, (e) ITO etching and CHF3 plasma treatment, and (f) ICP etching. Insets in panels (d) and (e) show the corresponding cross-sectional SEM images; g) EL spectra, of an as-processed sample (black curve) with blue and green lines, a passivated sample (red curve) with increased blue line and reduced green line intensity and an ICP-etched sample (blue curve) with a reduced integral emission intensity and a completely removed green emission.

III.2.2. Cross-section EBIC characterization

The cross-section measurements were performed for the samples, representing following steps of post-processing treatment:

 As-processed sample with a conformal ITO contact.   ITO-etched sample without plasma passivation of the semipolar plane facets.   Passivated sample. During these measurements, our objective was to localize the EBIC signal and to track the changes in each post-processing treatment step. Because the abnormal EBIC signal described in the previous section appeared for this samples and it exhibited transformations during the measurements, we tried to acquire statistically reliable data for the systematic explanation of this phenomenon.

As-processed sample

First, I have analyzed the electrical activity of rods of the as-processed sample in a cross-section geometry. Preparation of the samples for a cross-section EBIC experiment copies the procedures described in section III.2. Because the microrods have a lower aspect ratio (a larger diameter), the probability to cut them keeping the vertical integrity was significantly higher.

The first cleaving attempts illustrated in Fig III .23 produced a rough surface on the cut. The roughness was observed in the microrods and in the upper 3 µm of the epitaxial GaN 2D layer. It was a rare exception, normally the cut surface is smooth; we do not know, what caused the roughness.

At 10 kV the 'normal' EBIC signal had a maximum in the p-n junction region in the m-plane facets. During the first measurements, we did not use the acceleration voltages less than 10 kV, because we overlooked the importance of the low acceleration voltage for the spatial resolution of the EBIC signal. Nevertheless, the EBIC signal spatial resolution was good enough to show, that the 'normal' signal is localized mainly in the non-polar plane facets, but it is still significant in the semipolar plane facets. The signal is nonzero in the central part of the microrods, because at 10 kV electron beam acceleration voltage the beam penetration depth is so high, that it reaches the p-n junction region in the Therefore, the abnormal EBIC signal does not necessary transforms even after long-term high voltage irradiation.

Meanwhile, there is another hypothesis explaining the abnormal signal transition: it may be not due to the high beam energy, but to the high generated carrier concentration. The higher concentrations are achieved at low acceleration voltages, as it was discussed in section II. In the next EBIC experiments with another as-processed sample, the specimen was cleaved by mistake in the direction (1-100) instead of the (11-20) (Fig III .27). Analyses are complicated due to the geometrical factor: the p-n junction at the sides of the cleaved microrods is rotated by the 60° to the plane of observation. However, the measurements provided some new information about the abnormal EBIC signal, which is independent of the cleavage plane. We have set the acceleration voltage to be equal to an optimal value of 4 kV, which is high enough to fulfill the low excitation conditions while being small enough to provide a good spatial resolution. A low acceleration voltage can be additionally used to investigate the surface potential and a high acceleration voltage -to get a strong EBIC signal and a deep microrod probing.

Further, I will describe the abnormal EBIC signal transformations, but firstly I want to mention the fact, that in this sample we have never observed the first stage of the transformation, when the signal is located near the NW core base. Though the detailed SEM image of a microrod in So, the transformation always skips the first stage. The microrod in Fig III .29 has no visible damages of contact or structure, however, it initially produced a very weak EBIC signal. The microrod also has a dark SEM image contrast typical for transition from the second stage of the abnormal EBIC signal to the final normal EBIC signal, which is, however, strongly asymmetric. This asymmetry does not follow any structure geometry, and as it is shown in the top view EBIC measurements in the next subsection III.2.3, an asymmetric signal is not a unique event. These measurements confirm that the abnormal EBIC signal is characteristic for different microrod LED samples and it has a similar behavior under electron beam irradiation. We also observed the abnormal signal in other samples from GLO Company with slightly different growth recipes, for which we did not receive a permission to publish.

ITO-etched sample

The microrod array LED was characterized by EBIC in the cross-section after ITO etching from the semipolar planes and before plasma passivation. Without ITO, the current collection from the semipolar facets was decreased, and the EBIC signal is reduced (Fig III .32), but remains significant. Indeed, a non-zero EBIC signal is present in the semipolar facets.

We conclude that the ITO etching alone is not sufficient to suppress the current extraction from the p-n junction in the semipolar plane facets. As a conclusion on the cross-sectional EBIC measurements, the post-processing treatment with an ITO etching helps to reduce the electrical activity in the semipolar planes; a plasma treatment effectively suppresses the electrical activity in the semipolar planes; the microrods have an abnormal EBIC signal similar to the samples reported in section III.1, and the abnormal EBIC signal has a similar behavior under electron beam irradiation.

III.2.3. Top view EBIC characterization and mapping

For further investigation of the microrods and for a statistical evaluation of their properties, the top view EBIC measurements were performed. We aimed to probe the electrical activity in non-polar and especially semipolar facets, to estimate the occurrence of the abnormal EBIC signal and its behavior under the electron beam irradiation, to compare the as-processed, passivated and ICPetched samples. We also decided to capture EBIC maps with different low magnifications for further comparison with EL maps of the same region. The objective is to study the correlation between the electrical and optical properties of individual rods in a macroscopic LED device.

As-processed sample

Low magnification images at 20 kV electron beam acceleration voltage of the as-processed (conformal ITO contact) sample are displayed in the Fig III .35. In the EBIC map the border of the area covered with ITO is visible. The high acceleration voltage was chosen to probe the long-range homogeneity of the studied region. EBIC maps at high acceleration voltage are less sensitive to the surface material fluctuations such as thickness of the ITO contact and, therefore, allow comparison of different regions of the microrod array. The microrod array appeared to produce homogeneous EBIC signal. The black dots in the SEM image and EBIC map correspond to empty sites with no microrods related to defects of the SiN x mask. Some of the microrods produce a reduced EBIC signal. This reduction is associated with an abnormal EBIC signal as will be shown in the following high magnification maps. 

ITO-etched sample

A low magnification map of the sample with etched ITO is presented in the Fig III .39. The area covered with a metallic contact frame produces a weak EBIC signal, because the metal contact effectively blocks the electron beam. Dark spots in the SEM image and EBIC map correspond to empty sites with defects of the SiN x mask. Some microrods with a reduced EBIC signal are associated with the abnormal EBIC signal, while the majority of microrods produce a normal signal from the p-n junction in the non-polar facets. However, at low magnification the noise in the EBIC map is strong and it complicates the analyses. Apart from the 'normal' microrods, producing hexagon-shape signal in the p-n junction located on the non-polar facets, and 'abnormal' microrods with an abnormal EBIC signal, there are also asymmetric microrods with a slightly greater size (Fig III .41). They produce generally lower EBIC signal, some of them have a 'normal' EBIC signal, and some have abnormal EBIC signal. The abnormal EBIC signal is generally produced in the area surrounding the nanowire core and has a ring shape. In some cases, the signal ring is narrow, we associate it with a second stage of the abnormal EBIC signal, when the signal is located at the core/underlayer interface. In some microrods the signal extends asymmetrically in the underlayer, we associate it with the transformation from the second stage of the abnormal EBIC signal to the normal EBIC signal. The microrods producing a very weak signal may be associated with the first stage of the abnormal EBIC signal, when the signal is located near the nanowire base. Therefore, the top view EBIC measurements are consistent with the crosssectional experimental results.

The 

ICP-etched sample

The results of the top view EBIC measurements of the ICP-etched sample finalize this subsection. We intentionally chose a pad with a defected contact area, because for the later EL mapping it is convenient to have a macroscopic feature, which makes the navigation on the specimen surface easier. The ICP etching damaged the metallic frame, so the metal was re-deposited. A low magnification EBIC map of the contact pad (Fig III .53) demonstrates a homogeneous EBIC signal from the contacted area apart from the defect region. Indeed, after the ICP-etching, the microrod top facets material is heavily damaged and the surface must have a high defect density. In turn, it means, that the holes diffusion length in n-GaN underlayer is very low in the material close to the top surface, at least it should be less than the previously measured 50 ± 10 nm diffusion length for the as-processed sample. Therefore, the EBIC signal profile value is proportional to the interaction volume of the intersection of the interaction volume with the p-n junction region. And indeed, the signal decays to the background level at 200-250 nm distances from the p-n junction position, which corresponds to the simulated value of the interaction volume radius.

Fig III.56. SEM image (a) and EBIC map (b) of the individual ICP-etched microrod, 10 kV electron beam acceleration voltage; EBIC signal profile (c) of the area, denoted in the EBIC map by a rectangle; EBIC signal profile rescaled at square root (d, black curve), the red line shows that the EBIC signal profile is parabolic.

We can also notice, that the abnormal EBIC signal is not affected by ICP etching, as Fig III .57 displays. In order to investigate the reasons of the inhomogeneous EL, we measured an EBIC map in the corner of the metallic contact frame and the EL maps of the corresponding region at different applied voltages. According to the low magnification images, presented in Fig III .59, the microrods producing high EL signal have no particularities neither in SEM, nor in EBIC.

III.2.. EL and EBIC maps correlation

Fig III.59. SEM image (a) and EBIC map (b) of the ICP-etched microrod array, 10 kV electron beam acceleration voltage; c) and d) microphotographs of the EL maps at 4.5 and 5 V applied bias, respectively, when the specimen is illuminated, the sites with missing microrods have a greenish contrast because of the illumination reflection; e) the same bias as (d), but in a completely dark box without specimen illumination. For easy navigation, some empty sites are marked with pink crosses.

The density of the microrods producing a faint EL signal is much higher than the density of the microrods with a reduced or abnormal EBIC signal. However, all microrods producing a bright EL have a normal EBIC signal. One can suggest, that the low EL yield is due to a high non-radiative recombination rate in certain microrods, i. e. a lot of microrods with a "normal" EBIC signal have a low IQE. However, the CL maps measured by M. Tchernycheva and V. Piazza performed in LPN (Fig III .60) show that the most of the microrods produce luminescence with a good wire-to-wire homogeneity both in intensity and in spectral shape. Therefore, we need to search for a different explanation to understand the EL inhomogeneity.

Fig III.60. Panchromatic CL map of the as-processed sample, 10 kV electron beam acceleration voltage.

The high resolution maps (Fig III .61) confirm the fact, that a strong normally shaped EBIC signal does not guarantee a bright EL. However, the abnormal EBIC signal almost always is followed by a very weak EL signal. We have found only one microrod in the presented maps (marked by red hexagon in Figs III.61bh) with abnormal EBIC signal producing a bright EL at higher biases. However, the bright areas in EL map (h) saturates the camera sensitivity, so the bright luminescence from the site of this particular microrod with the abnormal EBIC signal may be produced by the microrods located nearby. We also speculate, it may be explained by the EBIC signal transformation to the 'normal' EBIC signal, followed by an improvement of the luminescence. In the following, I disregard this unique example and I base my consideration on the common case.

Fig III.61. High resolution SEM image (a) and EBIC map (b) of the ICP-etched microrod array, 10 kV electron beam acceleration voltage; c)-h) microphotographs of EL maps of the corresponding area, c) and d) are illuminated and e)-h) are not illuminated; c) is at zero bias, d) and e) are at 4 V bias, f) is at 4.5 V bias, g) is at 5 V bias, and h) is at 5.5 V bias. Pink crosses indicate some empty sites for easy navigation. Red hexagons in (b) and (h) marks the microrod with abnormal EBIC signal and bright EL at higher biases.

The maps of another contact pad (Fig III .62) further support the conclusions of a partial correlation between the EBIC and the EL effectiveness: rods with an abnormal EBIC do not show EL, however a strong "normal" EBIC signal does not guarantee an efficient EL.

Fig III.62. High resolution SEM image (a) and EBIC map (b) of the ICP-etched microrod array, 8 kV electron beam acceleration voltage; c) and d) EL map at 5.5 V bias with and without illumination, respectively; e) EL map at 6.1 V bias; f) EL map at 8 V bias. Pink crosses mark empty sites.

Therefore, we can draw conclusions about EBIC/EL maps analysis. Firstly, an abnormal EBIC signal is associated with a significant LED performance failure. Secondly, the EBIC signal perfection is not enough to guarantee the effective EL, meaning that the carrier extraction is not in this case a relevant indicator. Indeed, the EBIC reflects the electrical activity which is different from the operating conditions of the LED. In EBIC the excitation is local and the signal is formed by carrier extraction; the overall current is weak and its dependence on the local resistance fluctuations is weak. In EL the signal is given by the injected carriers, the overall injected current is strong. The injection homogeneity depends strongly on the local resistance fluctuations.

In the simplified equivalent electric circuit model of the core-shell microrods [Lav2014], [Tch2016] the effect of serial and access resistance was investigated.

The conclusions highlight the difference between the current extraction in EBIC experiment and the current injection in EL experiment. Because of the operation close to zero bias in an EBIC experiment (see Fig III .63b), the collected current measured in EBIC maps has a minor dependence on the access resistance of the contacts and potential barrier in the core/underlayer interface. In turn, the EBIC signal magnitude has minor variation from rod to rod. Contrariwise, the injection current in an EL experiment is highly dependent on the access resistance and intrinsic barriers (due to the operation in the forward branch of the diodic curve, see Fig III .63b). As a consequence, the current is preferentially injected into the microrods with small potential barriers. Therefore the EL map is highly inhomogeneous.

In short, it is the local resistance in microrods which is responsible for the strong variation of EL brightness, not the IQE of the microrods. 

Conclusion

In this section I presented EBIC studies of the InGaN/GaN core-shell microrod LEDs with post-processing treatment. The samples were measured both in a cross-section and in a top view for each step of the post-processing treatment.

The carrier diffusion lengths at the p-n junction on non-polar facets were measured in cleaved microrods, and appeared to be equal to 110 ± 40 nm for holes in the n-GaN and to 50 ± 20 nm for electrons in the p-GaN. The samples with a conformal ITO contact were found to have the electrically active p-n junction in the semipolar facets. A removal of the ITO decreases this activity, a further plasma treatment almost suppresses the p-n junction in the semipolar facets, and a removal of the material in the top part of the microrods completely eliminate any current extraction in the top part of the microrods, while keeping unchanged the p-n junction activity in the non-polar facets.

Around 7-10 % of the microrods produce an abnormal EBIC signal, which presented a similar behavior to the one described in the previous section. In order to understand the low EL yield, the top view EBIC and microscopic EL maps were measured in a resolution allowing to recognize and distinguish microrods; these maps were compared and it proved the microrods with abnormal EBIC signal do not contribute to the EL. However, it was found that only around 30 % of the ICP-etched microrods produce the EL signal, while in the EBIC maps a higher percentage of rods produce a normal signal. The top view CL map of the studied samples did not support the explanation that the low EL harvesting is due to the low IQE of the microrods, since the majority of the microrods produce CL with similar intensity and spectrum. We propose an explanation of the low EL yield, which describes the microrods having an inhomogeneous access resistance, which, we speculate, is due to the electrical activity of the NW core/underlayer interface.

To improve the LED performance, we propose to increase the homogeneity of the access resistance by a better control of the NW core/underlayer interface.

Chapter IV. Substrate-free GaN microrod LED fabrication and characterization

In this Chapter I describe my work on the fabrication and characterization of microrod-based substrate-free LED devices [Nep2015]. The general idea (following the approach described in [Pla2009], [Par2014] and [Par2011]) was to embed 20-30 µm long microrods into a PDMS film, then peel the film together with the microrods from the substrate and process into a device.

The attractive feature of the microrods is that the high material quality GaN optical devices can be grown on a variety of the substrates. The concept of the microrod substrate independence can be further extended by transferring the microrods to other substrates (including non-crystalline materials) in either planar [Col2014], [Lee2011], [Son2011], [Liu2015] or vertical [Pla2009], [Spu2010], [Rei2012], [Ant2014] architectures. In this way, the microrods are used independently from their growth substrate, which can potentially be recycled. New functionalities for LEDs can be imagined. For example, microrod LEDs can be mounted on metallic layers for efficient heat sinking or LEDs of different colours can be integrated on the same holder. In particular, flexible microrod devices can be fabricated using this approach [Rei2012]. However, the direct growth on some flexible substrates as plastic imposes to use low temperature processes and strongly limits the range of accessible materials and growth techniques. To achieve high-efficiency visible emission, it is advantageous to make use of InGaN microrods elaborated at high temperature following standard epitaxial methods. The microrods can then be reported to a different substrate for LED fabrication. Recently, the first substrate free nitride microrod LED has been demonstrated employing the microrods transfer [Chu2014], the microrod array was removed from the substrate using an etching of the sacrificial layer. In the work presented hereby, we avoided etching, which can degrade the microrod material, and mechanically peeled the microrods.

IV.1. Device fabrication

For this study I have used different microrod structures with a much larger length with respect to the rods discussed in the previous section. The epitaxy was performed in CEA of Grenoble in the team of C. Durand and J. Eymery. The GaN core-shell microrods were grown on 2-inch sapphire substrates by selfassembled MOVPE, see details in [Koe2010], [Koe2011]. The growth started with 10 ± 2-μm long n-doped GaN NWs with a diameter in the range 700-1500 nm (~10 20 cm -3 concentration of Si doping atoms). We note that a SiN x ultrathin layer is spontaneously formed around this wire part due to the high silane flux passivating the wire surface. Then, another 7 ± 2-μm GaN segment was grown without the silane flux, and the material is unintentionally doped by ~10 18 cm -3 Si [Tch2014]. The active region was deposited directly on the NW surface by switching the growth conditions from axial growth to radial growth [Koe2011], [Che2012]. Due to the presence of the SiN x layer around the wire base, the radial growth is inhibited in the lower wire part and the core/shell heterostructure is only formed around the upper non-intentionally doped wire part, as described in [Che2012]. The active region consisted of seven periods of 5-nm InGaN quantum wells delimited by 10-nm-thick GaN barriers with an indium content in the QWs about 15 % [Koe2011]. After growth of the active region, the p-GaN 100-nm shell layer was deposited, the holes concentration is estimated to be in the 10 16 -10 17 cm -3 range [Tch2014]. The NW density is about 5 × 10 6 per cm -2 . The NW morphology and the internal structure are illustrated in Fig IV .1a-d. We note the presence of QWs not only on the mplane facets, but also on the top c-plane facet. These two families of QWs have a different In content and are characterized by a different internal field [Jac2012]. Their influence on the EL spectra is discussed in the following. For the fabrication of substrate-free microrod LEDs, the microrods embedding and lift-off procedure was first optimized on a series of test samples with a similar microrod density. The samples were spin-coated with PDMS polymer with a 9 : 1 (base : cure agent) ratio to bury the microrods. The PDMS was cured at 80 °C for 50 min, and then the PDMS/microrod composite layer was mechanically peeled off following the procedure described in the literature [Pla2009], [Spu2010], [Rei2012]. The PDMS/microrod membrane was deposited on a metallic holder and imaged in a scanning electron microscope (SEM). For LED fabrication, the samples were spin-coated and cured to form a 18 ± 2 μm PDMS layer. To delete undesirable traces of PDMS on the tops of the microrods, the samples were etched in the CHF 3 /O 2 plasma for 3 min. Then, they were treated with oxygen plasma for 5 min to modify the PDMS surface state in order to improve the adhesion of the metal contact [Bef2008]. The contact to the p-type GaN shell was made by depositing either 10-nm Ni/200nm Au [She1999] or 10-nm Cr/200-nm Au [Kal2007]. Both Ni/Au and Cr/Au metallization has resulted in similar performance. The fabrication process is schematically presented in Fig IV .3. Thin free-standing composite membranes are rather difficult to manipulate since they are fragile and can easily roll up. Therefore, an additional PDMS cap layer (~0.5 mm thick, cured at 80 °C for 2 h) was deposited on the metal contact to be used as a mechanical support. It helps to peel off the structure from the sapphire substrate and prevents the peeled layer from rolling.

In the previous tests I peeled the PDMS/microrod thin film from the substrate without the cap layer and put it into deionized water to try to make the film flat on water surface for further fishing. However, the PDMS film is hydrophobic and rolls in the water into a globule, minimizing its contact surface with water. One of the solutions was to expose the thin film to oxygen plasma for several minutes to polarize the PDMS surface, allowing its fishing in water, but we rejected this idea because it complicates the processing. Ethanol has the same problems as water. Another approach was to use non-polar liquid such as pentane or hexane instead of water. The tests showed that pentane indeed can be used to spread the PDMS membrane on its surface, but the PDMS film absorbs pentane and increases its linear dimensions approximately two times.

After the fishing the PDMS layer quickly gets dry on a solid holder and the PDMS film, stuck to the holder, tears apart. Hexane does not have this undesirable effect of swelling PDMS and indeed helps to flatten the PDMS film, but hexane is very toxic and requires specific precautions to work with it in the cleanroom, and therefore it is not a preferable option.

Our colleagues in parallel developed an approach employing a thermal released tape to detach the PDMS/microrod thin film [Dai2015]. This method appeared to be very effective, and our group prefers using it for removing the PDMS/microrod membrane from the substrate.

After the mechanical lift-off of the microrod/PDMS membrane, the sample was flipped upside down and put onto a steel holder for further processing and easy manipulation. Then, the second contact was deposited on the n-type GaN core bases of the microrods, which after the membrane flipping were located on its top part. The 100-nm-thick indium tin oxide (ITO) layer was deposited by sputtering through a shadow mask with an array of 0.5-mm-diameter circular openings [She1999b]. After that, the shadow mask was slightly shifted and the 5-nm Ti/15-nm Al/5-nm Ti/100-nm Au metal pads were deposited to achieve a partial overlap between the metal and ITO (Fig IV .3); the corresponding work function of the ITO suits ohmic injection in the n-GaN [Wan2001]. Thus, we obtain an array of LEDs, each consisting of a large number of parallel-connected microrods. The LEDs share the same bottom contact but can be addressed independently by their top metal pad.

IV.2. Electro-optical characterization

The fabricated membrane LEDs were electrically characterized in a Janis probe station coupled to a Keithley 2636 source meter. The electrical potential was applied to the bottom metal contact connected to the p-doped GaN shells, while the top transparent contact (ITO with Ti/Al/Ti/Au metal pads) was grounded. Fig IV .4 displays a current-voltage (I-V) characteristic at room temperature for a representative top contact pad. As expected from the microrod structure, the I-V curve has a diodic shape. The reverse leakage current is ~0.1 mA at -8 V, which is low compared to the direct current of ~10 mA at 8 V. As seen from Fig IV .4, the I-V curves exhibit low-magnitude current instabilities for direct voltages higher than 5 V. These random current fluctuations are accompanied systematically by LED emission blinking. The origin of this blinking is not completely understood. We suspect that these fluctuations may arise from the top ITO contact instability induced by Joule heating and underlying PDMS deformations. The EL spectra of the microrod/PDMS membrane LEDs were measured at room temperature using the HR460 spectrometer equipped with a CCD camera. The EL spectra under different applied biases are presented in Fig IV .5. The EL spectra exhibit two distinct peaks at 412 nm with a full width at half maximum (FWHM) of 20 nm and at 466 nm with a FWHM of 35 nm. The LED starts to luminescent at a forward bias of 5 V with a working current of the order of 1 mA. This relatively high light-up voltage is attributed to the nonohmic nature of the Ni-Au contact to the lowly doped p-GaN shell. As previously reported in [Jac2012] for individual microrod LEDs, at low injection, the low energy peak is dominant. With increasing voltage, the shortwavelength peak increases faster than the long-wavelength peak. The shortwavelength peak becomes dominant at high injection (8 V, 10 mA). This relative intensity variation between the two peaks can be understood in terms of the redistribution of the injection current in the microrod. The saturation current through the active region is exponentially dependent on the In content, and, for the mentioned difference in In content by several per cents, the saturation currents of the axial and radial active region parts are strongly different [Tch2014b]. The high saturation current in the In-rich part favors the preferential injection in this region. However, as the injection increases, the current spreading in the resistive p-GaN shell part starts to play an important role [Jac2012]. The current is redistributed due to the potential drop in the shell, and the injection in the radial part of the active region, which in addition has a larger surface compared to the axial region, becomes favorable. It should also be noted that the radial QWs on the m-plane are expected to have less defects in comparison to the axial QWs due to their lower In content. Therefore, after the start of the efficient injection into the radial QWs, the EL from them is brighter compared to the less efficient axial QW.

The increase of the injection current above 10 mA resulted in the LED failure. We believe that the device degradation is not caused by the microrod structural degradation, but by the ITO contact failure, for which we observe a morphology change. This failure at a relatively low current can be attributed to the mechanical deformations of the soft PDMS layer and to the Joule heating.

The degradation also can be caused by ion diffusion into polymer layer during current spreading in the ITO contact [Wan2008].

The LED fabrication has been performed on several membranes showing good process reproducibility. EL measurements of the LED after 2-week storage in ambient air have not evidenced any device degradation.

IV.3. Perspectives for flexible LEDs

Substrate-free microrod LEDs have been fabricated using the polymer embedding and peel-off procedure. The devices show rectifying electrical behaviour and emission in the blue spectral range. The developed fabrication approach allows for sapphire substrate recycling, which is important for the LED cost reduction.

This fabrication procedure can be generalized to produce fully flexible LEDs.

The remaining problem is the realization of transparent conductive flexible contacts, required for the device functionality. We discovered that the standard rigid solutions as ITO and thin semitransparent metallic layers are not suitable: ITO is polycrystalline material and cracks on bending, and thin semitransparent metals have large long-range resistance.

Therefore, we also tried other approaches. Graphene monolayers are not suitable for the microrod/PDMS membranes, because graphene is pierced by the protruding microrods and thus loses the connection and integrity. Alternatively, graphene flakes solution can be spin-coated to form a flexible contact. However, a large amount of flakes in required to achieve low resistivity and the transparency of the layer becomes poor. As the best solution for the transparent flexible contact we selected silver nanowire solution, which can be dispersed onto a membrane as a conductive net. The randomly dispersion Ag NWs touch in average about 90 % of the microrods. Employing a thin 2/2 nm Ni/Au microrod shell coating, Ag NWs form an ohmic contact to the p-GaN microrod shell. The tests showed the Ag NW contact is transparent [Nan2016].

IV.4. EBIC characterization of GaN microrod/PDMS membrane LED

In order to investigate the properties of an Ag NWs contact, we performed a top view EBIC experiment. Because the Ag NWs are too small for a reliable contact with the EBIC probe tips, silver paint specks were put onto the NWs for contacting. The bottom contact was made with the copper tape, which was also painted with silver to avoid probe tips contamination by the tape glue. This contact organization has demonstrated a rectifying diodic shape of the I-V characteristic (Fig IV .7) [Dai2015].

Fig IV.7. I-V characteristic of the microrod/PDMS membrane LED normalized to the number of contacted microrods (left scale, microrods are denoted as 'nanowires' or 'NW' in the original paper) or to the device surface (right scale).

A low-resolution SEM image of the GaN microrod/PDMS membrane LED with the Ag NW contact is presented in Fig IV .8. The sample has metallic pads deposited with a shadow mask. These pads are required for the EL measurements, but they are not necessary for the EBIC measurements. They do not have a significant effect to the EBIC results, as we found during the measurements with the samples without metallic pads. I have chosen this sample (different from the previously discussed one) to present the EBIC results, because in its case the Ag NWs density and fabrication methods were optimized.

Fig IV.8. Low-resolution SEM image of the GaN microrod/PDMS membrane LED with the Ag NW contact, 20 kV electron beam acceleration voltage. The white contrast circles in the SEM image correspond to metallic contact pads.

The EBIC signal is produced only in the area covered with Ag NWs and can be found in the millimeter distance from the top contact, indicating on a good long-range conductivity of the Ag NW contact.

The PDMS/microrod film contains large (tens of microns) 3-dimensional GaN structures, parasitically formed during the microrod growth (Fig IV.9). The p-n junction was formed on the facets of these 3-dimensional objects, therefore they produce an EBIC signal. These 3-dimensional objects were also detached from the substrate during the PDMS membrane peeling.

Fig IV.9. SEM image and EBIC map of the area of the microrod/PDMS membrane containing 3-dimensional GaN objects, 20 kV electron beam acceleration voltage.

The high resolution EBIC map in Fig IV .10 displays the signal from the microrods, connected by Ag NWs. Interestingly, the areas with a high local density of Ag NWs produces a nebulous EBIC signal. The origin of this nebula, presented in all the EBIC maps, is not clear. It should be taken into account that the PDMS membrane is highly charging by electron beam, and the charging effect can disturb the EBIC signal. We speculate the Ag NWs can also scatter the beam electrons in random directions, so the signal from the high-density Ag NW regions originates from the surrounding microrods, irradiated by the scattered electrons. The EBIC map of an individual microrod connected with Ag NWs is presented in Fig IV .11. Unfortunately, the 20 kV electron beam acceleration voltage is too high to resolve the p-n junction area in the microrods, and lower acceleration voltages do not allow detecting the EBIC signal. The reason, why lower voltages are not suitable for this specimen study, is because the PDMS membrane is heavily charged by the electron beam, and the charging effect blurs the EBIC signal.

Fig IV.11. SEM image and EBIC map of the individual microrod contacted with Ag NWs, 20 kV electron beam acceleration voltage.

For a comparison, the Fig IV .12 displays the EBIC map of a similar sample with an ITO contact, measured at 4 and 7 kV electron beam acceleration voltage. The PDMS membrane is fully covered with the ITO contact, so the charging effect does not disturb the EBIC measurements.

Fig IV.12. SEM images and EBIC maps of the microrod/PDMS membrane LED with the ITO contact, 4 (left) and 7 (right) kV electron beam acceleration voltage.

Conclusion on Ag NWs

We conclude that the Ag NWs serves perfectly as a long-range contact. The EBIC maps did not reveal a significant decay of the current extraction in the millimeter-range distance. We also want to mention that, despite the heavy PDMS charging, the EBIC technique is suitable with the certain limitations for the sample characterization.

IV.5.Individual GaN microrod processing and characterization

The MOCVD core-shell InGaN/GaN MQW microrods were individually investigated by the EBIC technique. In this section we studied a microrod solar cell structure, which differs from the previous LEDs, discussed in sections IV. For the individual microrod device fabrication, the microrods were processed following the procedure described in detail in [Mes2015]. Here is a short summary of the device fabrication steps.

The microrods were detached from the substrate in an ultrasonic bath and dispersed onto a Si wafer covered with a 300 nm thick SiO 2 isolating film. A 1-2 µm thick HSQ thin film was spin-coated onto the substrate with the dispersed microrods, and the samples were annealed at 400 °C during 1 hour to form a silicon oxide layer. This layer is necessary for planarization, which is required for a continuous metal contact deposition due to the micrometer size of the microrods. The created silicon oxide layer was etched with HF:H 2 O 1:200 solution for several tens of seconds until the microrod sidewalls were revealed (Fig IV .13).

Fig IV.13. Cross-sectional schematics of the dispersed microrod (green) with HSQ planarization film (grey) on the substrate (red).

The metallic contacts were deposited using an optical lithography mask. The Ni/Au contact was deposited onto the p-GaN shell in the top part of the microrods. The deposition was made in two steps for good contact ohmicity. These microrods were tested in a commercial AAA grade solar simulator under 1 sun AM1.5G standard illumination; the results are presented in the table IV.1.

Table IV.1. Average short circuit current, open circuit voltage, fill-factor and efficiency of the individual InGaN/GaN core-shell microrod solar cells.

The efficiency is apparently low because only the high energy part of the solar spectrum is converted. Still the peak EQE value is 60%, and the performance requires an optimization, mainly of the active region growth. The similar thick InGaN active region planar solar cells exhibit a high defect density [Red2014] that reduces the device performance.

In this work my aim was to analyze the contact using the EBIC technique. The previous studies in our group [Lav2014b] showed two main problems due to the contacting, namely, the high resistance of the microrod p-GaN shell and the Schottky barrier between the Ni/Au contact and the microrod shell. Therefore, in this study we verified with EBIC measurements the improvements made to the p-GaN shell deposition recipe and Ni/Au contact fabrication.

The contact pads were used to contact the microrods with EBIC probe tips, so no additional preparation were required for the EBIC measurements. As it was discussed in section 3.1, the optimal beam acceleration voltage to study GaN is around 4 kV, which is compromise value for good spatial resolution (with about 120 nm interaction volume diameter) and for keeping low excitation conditions. In these microrods, the p-GaN shell nominal thickness is 100 nm. However, the real shell thickness varies along the microrods, so in the upper part of the microrod, it is higher than 100 nm. Therefore at 4 kV electron beam acceleration voltage (as well as at 3 kV electron beam acceleration voltage) the EBIC signal is not present in the upper part of the microrods, because the electron beam does not penetrate into the active region. The EBIC signal in the bottom part of the microrod did not reveal the presence of a Schottky barrier, which proves the ohmic property of the contact.

In order to measure the EBIC map for the whole microrods, we increased the acceleration voltage to 10 kV (Fig IV .15). The EBIC map confirmed the absence of a Schottky barrier in the Ni/Au contact to the microrod shell. The top facet of the microrod produces a peak in the EBIC signal profile, the peak is associated with the axial p-n junction. The EBIC signal linearly decays by 50 % at a 10 µm distance in the direction to the ncontact due to the high resistivity of the p-GaN shell.

Conclusion

The MQW InGaN/GaN microrod solar cells were processed and studied individually by the EBIC technique. The EBIC maps at 3, 4 and 10 kV electron beam acceleration voltage demonstrated an absence of the Schottky barrier, proving that a formation of a thin NiO film helps to create an ohmic contact to p-GaN shell. The EBIC signal profiles revealed the electrical activity of the axial p-n junction in the top extremity of the microrods and a high resistivity of the p-GaN shell. The p-n junction properties are found homogeneous along the microrods.

The EBIC measurements showed, that the studied microrods require improvement of the shell conductivity, which can be obtained by an increase of the p-GaN doping (which is complicated) or by a deposition of a thin transparent coating like 5/5 nm Ni/Au or ITO.

IV.6.Cross-section EBIC characterization

This section 3.4 is finalized by a microrod study in horizontal cross-section EBIC experiment. The study is motivated by the asymmetrical shape of the microrods and the variety of shapes of the rod tips, presented in Fig IV .16 16ad). These features may reflect particular structure of the inside material of the microrods, which affect the device performance, such as domains of different polarization axis ([0001] and [000-1]).

[Mes2015b].
In the case of the existence of polarization domains, their interfaces can be electrically active, containing potential barriers as it was discussed in section III.1 as a possible reason for the abnormal EBIC signal in the NW core/ underlayer interface. Therefore, the EBIC measurements in the horizontally cleaved microrods can give some information about the intrinsic electric fields.

Cross-section EBIC maps give insight on two parameters of interest, namely, field localization and distribution. Field localization is especially important for the PV devices: either in thick (up to 200 nm) InGaN layer or multiple quantum wells (up to 30) structures [Mes2015], the active region contains a wide intrinsic layer, which is necessary for the effective light absorption. The field should span all over this layer, in order to separate the generated EHPs; however, the intrinsic layer in GaN solar cells can be residually n-doped and therefore the electric field may cover only a part of the intrinsic layer. As it was discussed in Chapter II, the field localization is displayed in the EBIC maps as an area with a constant signal. Therefore, the cross-section EBIC maps give direct information about the field localization. As for the field distribution, one may suspect that asymmetric microrods contain an asymmetric field. It is not necessarily true, as it was shown in the section III.2 by the EBIC maps of the GLO LED microrods (to be seen in Fig III .41), but still it requires to be verified.

The studied microrods are 20-30 µm long and 0.5-2 µm thick and therefore flexible, so in attempt to cut them with the EBIC probes in their middle, instead the rods are tore from the substrate. We decided to encapsulate the microrod array in a 10-15 µm thick silicon oxide film using commercial HSQ. The sample processing scheme is described in the Fig IV .17. This processing is time consuming, mainly because the HSQ is not designed to form thick films. At present, our group develops a similar approach employing benzocyclobutene (BCB) instead of HSQ.

After the processing the samples can be introduced into the SEM chamber for the EBIC measurements. The microrod cleaving was made with a tungsten EBIC probe tip with a 20 µm curvature radius. The best results were achieved when the tip is placed close to the encapsulating layer. The probe tip presses horizontally the microrod and bends it to the ground. When the microrod is bended approximately at 90°, it breaks (Fig IV .18). The thick HSQ film cracks forming around 50 µm diameter islands. This cracking creates natural contact pads isolated from each over by the top contact (Fig IV .19). These islands can be easily removed by the probe tip together with the embedded microrods. After an island removing, the bottom contact is revealed and was used for bottom contacting. Cross-section EBIC maps of a cleaved microrod were measured at 3, 5, 10 and 30 kV electron beam acceleration voltage to probe material at different depths.

The results are, however, very similar, so we present here the results for 5 kV electron beam acceleration voltage as the most suitable for extracting minority carrier diffusion lengths (Fig IV .21).

Fig IV.21. Cross-section SEM image and EBIC map (top) of a vertically cleaved microrod, 5 kV electron beam acceleration voltage. Red arrow shows the direction and position of the EBIC signal profile (bottom).

The p-GaN material in the SEM image has a bright contrast, and the n-GaN is dark. The p-n junction produces the EBIC signal. The microrod in the SEM image has different contrast of the left part of the cleaved surface, which is due to the roughness of the cross-section. No EBIC signal corresponds to the border of the SEM contrast of this part. The EBIC signal profile shows an exponential decay of the signal, the holes diffusion length in the n-GaN extracted from the profile is 70 ± 20 nm. The electrons diffusion length in the p-GaN shell is impossible to extract because it is comparable with the p-GaN shell thickness, which is around 55 nm. The profiles in the sidewalls are similar, this microrod has a symmetric EBIC signal in spite of asymmetric cross-section.

Conclusion

In this study I developed and realized an approach to measure EBIC maps of long (> 20 µm) core-shell GaN microrods in the cross-section. The measured EBIC signal of microrods is symmetric in spite of asymmetric shape of the microrods. Apart from the p-n junction field, no electric fields were found. The hole diffusion length in the n-GaN extracted from the cross-section EBIC profile appeared to be 70 ± 20 nm, the electron diffusion length in the p-GaN shell is around 55 nm, which is the thickness of the p-GaN shell.

The proposed method requires long and complicated processing, and it appeared to be unreliable because of mechanical instability of the HSQ islands and the high risk of occurrence of short-circuits made through the cracks in the HSQ film. The processing can be improved by employing benzocyclobutene instead of HSQ, which is more suitable for spin-coating thick films. Another change may be made to the processing, is spin-coating a conformal thin (100-200 nm) HSQ film after bottom contact preparation to avoid short-circuits.

The perspective under investigation in the lab is to combine the EBIC measurements with STM to study in detail the microrods in a cross-section.

Conclusions

In Chapter IV I presented my work on fabrication and characterization of PDMS/microrod membrane devices and EBIC characterization of individual microrods. Some results of development of the related issues (e. g. employment Ag NWs as a contact) in our group as well as perspectives of membrane devices are also discussed.

Chapter V. SiNW and GaN NW on Si substrate solar cells characterization.

V.1. SiNW HIT core-shell solar cells

In this section I report on the EBIC study of a silicon nanowire solar cell with an intrinsic thin layer within a heterojunction (SiNW HIT solar cell) [Tog2016].Thinfilm HIT solar cells with an efficiency record of 25.6% [weblink4] are one of the most efficient technologies for manufacturing of the commercial photovoltaic devices. A major advantage in the manufacturing process of HIT cells in comparison to traditional crystalline silicon cells is that the thermal budget is considerably reduced. Temperatures of up to 1000°C are needed for dopant diffusion in order to form the p-n junction in a conventional Si cell. The HIT cell doped layers are normally formed by PECVD processes below 350°C. The HIT cells show a superior conversion efficiency performance compared with traditional crystalline silicon cells when operating at high temperatures. The HIT technology is today well established.

However, Si is an indirect bandgap material characterized by a low absorption coefficient in comparison to direct-gap III-V semiconductors. As a consequence, thin film HIT solar cells rely on expensive crystalline silicon (c-Si) wafers presenting large minority carrier diffusion lengths, required for the efficient light absorption and carrier collection. If a total absorption could be achieved for a smaller material depth, the cost would be reduced. HIT solar cells based on SiNW arrays are an attractive approach to reduce the wafer thickness and thus to reduce the final cost of the solar cell device. Indeed, the nanowire array geometry can be optimized for efficient light trapping and electromagnetic field localization in the active material by the control of the light diffraction [Teo2007], [Kob2010], [Bha2004], [Pen2011].

V.1.1. HIT SiNW solar cell structure

In this work two types of HIT SiNW solar cells were studied, based on a bulk wafer and based on a 5 µm thick Si epilayer. The SiNW array formation is made for each type of cells by top-down etching. After the SiNW formation the a-Si material was deposited around the NWs by PECVD in the same way for both types of devices.

SiNW solar cells based on bulk silicon wafer

The structure is displayed in the The key steps are the SiNW array formation and contact processing. First, the n-doped [001] monocrystalline Si wafer is selectively etched to form the ndoped NW core. The method of the etching is denoted in the literature as "metal assisted chemical etching" (MACE) *Jia2014+, *Li2000+, *Hua2011+. For the reported samples, a solution of HF acid and AgNO 3 salt was employed. As a result, a SiNW random array was formed with a wire diameter varying from 20 to 200 nm. The SiNW length depends on the etching time. We have analyzed wires of different lengths. In this section I decided to focus on our results for 0.8 µm long wires, which have been analyzed in detail.

After wet etching of the native surface silicon oxide, the samples were introduced into a RF PECVD reactor, where intrinsic and p-doped hydrogenated amorphous silicon layers ((i) a-Si:H and (p) a-Si:H) were deposited at 200 °C temperature. In the reported samples, the nominal deposition thickness of both (i)and (p) a-Si:H layers is 32 nm. This thickness value is chosen because it leads to the best performance characteristics. The nominal thickness value is derived from the deposition on a planar c-Si, the real value for the c-SiNW may be different, and it is presumably lower since the deposition takes place on the vertical NW sidewalls. The ITO contact of 200 nm nominal thickness was deposited by sputtering using a shadow mask with circle 0.126 cm 2 openings, defining the size of the final solar cells. As seen in the SEM image of Fig V .1b, the ITO covers the SiNWs non-homogeneously: the tops of the wires have a higher ITO coverage due to the shadowing in a dense NW array.

The fabricated solar cell was tested in a AM1.5G solar simulator setup and demonstrated a maximal12.43 ± 0.33 % energy conversion efficiency, 81.05 ± 5.2 % external quantum efficiency, 0.53 ± 0.01 V open circuit voltage and 29.27 ± 1.1 mA/cm 2 short circuit current density. These values are below the state-ofthe-art of thin film HIT solar cells [weblink4], however, they are comparable with the best SiNW and silicon microrod devices [Jia2013], [Gha2012]. One of the possible explanations, why the studied SiNW solar cell performance is behind the best thin film HIT solar cells, is a low contribution of the SiNWs to the PV conversion due to the poor electrical or optical properties of the wires (e.g. high resistance or high non-radiative recombination). To better understand this point I have investigated the conversion characteristics of the SiNW material on a local scale by performing EBIC measurements.

V.1.2. EBIC characterization

For the cross-sectional measurements the sample was cleaved following the standard procedure described in the previous chapter. The Si wafer material allows for a relatively easy cleavage with respect to sapphire. For the EBIC electrode tips contacting we put a small silver paint drop on top of the ITO pad. The bottom contact was made at the edge of the structure on the top surface of the Si wafer, where the a-Si heterostructure was absent (Fig V .2). Then the high magnification map of the SiNW/wafer was measured to localize the electric field more precisely. The EBIC map in Fig V .5 shows that the maximum EBIC signal is located in the wafer rather than in the SiNWs. However, the direct comparison of the EBIC signal magnitude in the wafer and in the NWs cannot be done. Indeed, the relatively low EBIC signal generated in the SiNWs can be explained by the geometrical factor: the wires are very thin and the electron beam pierces them before losing the energy, therefore generating much less EHPs than while bombarding the wafer. In addition, the non-cleaved wires are covered with ITO, which effectively absorbs the electron beam energy.

We speculate that the dark EBIC contrast in the cut edge limit is due to the electron beam scattering and absorption in the ITO (distinguished as a bright contrast in the SEM image), and it is not associated with any electric fields like Schottky barriers or any material surface defects, therefore it is not relevant for the analysis.

In order to increase the EBIC signal and the penetration depth, the acceleration voltage was increased to 5 kV. Again, the main contribution comes from the top part of the wafer, however the NWs produce a non-zero signal as well. The EBIC map in Fig V .6 confirms that the electric field is located near the SiNW/wafer interface. Supported by these results, we concluded that the electric field, which generates the measured EBIC signal, is located in the p-n junction area in the top surface of the wafer and possibly in the SiNWs.

The EBIC signal profile at 10 kV electron beam acceleration voltage shows that the maximum EBIC signal is located 100 nm below the SiNW/wafer interface (Fig V .7). As described before, this is explained by the geometry (electron beam/matter interaction in the wafer and in the NWs) and the high diffusion lengths in Si. where is the measured EBIC signal, is the distance from the EBIC signal maximum, and is the hole diffusion length in the n-Si wafer. This formula works at large distances , for which the interaction volume does not overlap with the built-in field region (more than few hundreds of nanometers). The value was extracted by fitting the at higher than 2 µm distances from the EBIC signal maximum position, employing a linear function, which perfectly matches the experimental results (Fig V .8). The extracted hole diffusion length in the n-doped Si wafer is 3 µm. This relatively low value for high quality Si is due to the surface recombination on the cut surface, which was prepared just before the EBIC measurements and was not passivated.

SiNW solar cells based on an epilayer

The structure of the HIT SiNW solar cell based on commercial CVD epilayer wafers is presented in Fig V .9. ). The a-Si material (32 nm thick) and ITO contact deposition is similar to the above-described wafer case with just few minor changes to account for a slightly different morphology. As for the ITO, different thicknesses were tested; below I focus on the 50 nm thick ITO samples. The SiNW solar cells based on an epilayer were compared with reference planar epilayer solar cells. The reference cells were fabricated using the same wafers applying the same procedures except for the nanowire formation. The tests showed a worse performance for the SiNWs compared to a planar reference (Table V.1).

Table V.1. Comparison of the PV properties of the top performance SiNW solar cell with the planar cell reference

The SiNW solar cells failure can be tentatively explained by the high recombination rate at the nanowire surface, induced by etching [Tog2016]. The EQE spectrum of the SiNW solar cell shows reduced efficiency in the short wavelength region (< 700 nm) compared to the planar reference (Fig V .11), confirming the high recombination rate in the SiNW surface. It can be explained by the geometrical factor for the 20 kV electron beam acceleration voltage (after penetrating through the ITO layer covering the wire tips, the beam electrons are scattered to the ITO sidewalls before losing their energy), since the diameter of the interaction volume at 20 kV electron beam acceleration voltage is much higher than the SiNW diameter (it is around 2 µm, Fig V .13b). However, the interaction volume diameter at 10 kV electron beam acceleration voltage is comparable to the diameter of the wires (around 400 nm vs. 280 nm wire diameter, Fig V .13a), and most of the beam energy is dispersed in the SiNW, so the geometry cannot explain why the SiNWs produce 2 times less current than the wafer (Fig V .12a). We attribute the low EBIC signal produced by the wires to a low material quality of the SiNW tips. For short SiNWs, the signal is uniform from the top to the bottom of the wire. As for long SiNWs, we observe a decrease in the EBIC signal in the axial direction towards the SiNW top, which means that the SiNW top part is contributing less to the current than its bottom part. As for the SiNWs fabricated from a bulk Si wafer described in the previous subsection, the maximal EBIC signal is generated close to the SiNWs /substrate interface. To investigate the SiNW material, the SiNWs were sent for TEM measurements (details to be found in [Tog2015]). The measurements show a porous structure of the Si material located mostly in the wire tips, but also in the sidewalls (Fig V .15). Some of the active wires also have "dark" areas corresponding to a low or no EBIC signal. The oxidation treatment somehow degraded the Si material, especially at the wafer surface. Unfortunately, we did not find out the reasons. However, the EBIC measurements gave a clear evidence of an improvement of the SiNWs electrical activity, since the EBIC signal from the wires is strong.

Conclusion on the ordered SiNW solar cells

To summarize the results of the study of the epilayer SiNW solar cells, two general conclusions can be made. First, the EBIC measurements revealed a high carrier separating efficiency of the p-n junction in the SiNWs/epilayer interface of the non-oxidized samples, while the wires show a low activity. Second, the oxidation treatment appeared to decrease the EBIC signal from the SiNWs/epilayer interface, while dramatically improve the SiNWs performance.

Conclusion

The studied SiNWs solar cells based on bulk Si wafer and epitaxial Si contain p-n junction in both NWs and bulk silicon top surface. The performance is still behind the common planar design devices, mainly because the SiNW surface material quality is not optimized yet. A positive conclusion can be made about the perspective to use SiNWs for the epilayer based solar cells, because the NWs presented perfect antireflection coating [Tog2016], while providing the device with good electric connections and light trapping. The oxidation treatment led to a dramatic improvement of the p-n junction field carrier separation in NWs, and the current extraction. In future, an optimization of the NW surface treatment, an increase of the epilayer thickness and quality can significantly improve the device performance and make them competitive with the common planar design devices.

My experimental contribution to this work was the EBIC measurements, therefore I want to make some conclusions about the EBIC technique application to the SiNWs studies. The analysis of the EBIC data is complicated by the high diffusion lengths in the Si material which decreases the precision of the EBIC technique. Still the EBIC measurements are able to give unique information about the properties of the complicated SiNW devices such as the homogeneity of the material and the electric contact properties at both large and small scales, the diffusion lengths and the electric field localization, which can be acquired relatively fast and easy. This information is hard or impossible to get using other techniques, but they are crucial for the SiNW device fabrication optimization. The EBIC measurements also allowed tolerate the EQE spectra changes with the generated carrier separation and current extraction efficiency in the SiNWs and in the SiNWs/epilayer interface. Therefore, the EBIC technique is an efficient tool for the analysis of the Si nanostructure electrical devices.

V.2. GaN NW grown on Si substrate

In this section I report on the processing and EBIC study of GaN nanowires grown on n-doped Si (111) substrates.

III-nitrides can be used for multi-junction solar cell devices thanks to the direct bandgap of InGaN alloy spanning from 0.65 to 3.42 eV. An InGaN/GaN QWs active region allows achieving high external quantum efficiencies of 72% and 39% in the blue and green spectral range, respectively [Mat 2011], [Far2011]. III-nitrides are among the few semiconductors that can provide bandgaps of 2.3 eV or larger to enhance the conversion of the green and blue parts of the solar spectrum in view of future ultra-high efficiency multi-junction solar cells (e.g. 4junction cells for space applications). In addition, III-nitride semiconductors are characterized by a high absorption coefficient (10 5 cm -1 at the band edge); a high thermal conductivity; a superior resistance to ionizing radiations and a superior thermal, mechanical and chemical stability. Moreover, there is a naturally obtained alignment between the conduction band of n-type In 0.46 Ga 0.54 N and the valence band of p-type Si allowing for a direct low resistance connection between InGaN and Si cells in a tandem [Hsu2008].

In planar devices, InGaN active region with a high (more than 20 %) In-content has a high density of crystalline defects due to the high lattice mismatch between InN and GaN. Defects in the active region reduce the device performance. This issue can be solved by replacing 2D films by NWs. This substitution allows to grow high crystalline quality NWs on any substrate and also to fabricate axial heterostructures using In-rich alloys with a relatively large lattice mismatch.

For solar cells, the most promising fabrication approach uses molecular beam epitaxy (MBE) [Can2015], [Bar2015], [Mi2010], [Ni2010], characterized by a relatively low growth temperature in comparison to metal organic vapor phase epitaxy, allowing to achieve InGaN NWs with In-rich composition [Las2013], [Wu2009]. Several nitride NW solar cells on Si have been reported in the literature [Can2015], [Bar2015], [Mi2010], [Ni2010], [Wie2012]. However, the thermal budget for the NW growth remains relatively high even for the MBE technique and the direct NW growth on a Si p-n junction, necessary to form a tandem device, can modify the Si underlying sub-cell properties. In this context, it is interesting to explore processes taking place in the Si substrate during the nitride NW growth.

The objective of this study is to acquire information about the modifications of the Si substrate properties induced by the GaN wire growth at a first step towards tandem solar cells.

V.2.1. GaN NW/Si formation and processing MBE GaN NWs were grown at LPN in Marcousis on degenerately n-type doped (resistivity 0.007 Ω cm) Si (111) 350 µm thick wafers. Prior to the formation of GaN NWs, a 2.5 nm thick AlN layer was grown at 600 °C, by depositing Al on the Si substrate followed by exposing the surface to nitrogen. This substrate preparation procedure was adapted to improve the NW verticality. The growth of GaN NWs was performed at high temperature of 800 °C. Further details on the NW growth and properties can be found in [Lar2012]. The processing started with a very thin (tens of nm) HSQ film spin-coating and annealing to electrically insulate the Si substrate. The residual SiO 2 on the NW surface was removed in HF : H2O 1 : 200 solution. Then square 300 x 300 µm 2 and 700 x 700 µm 2 pads were defined by optical lithography and 200 nm of transparent conductive indium tin oxide (ITO) was deposited by sputtering. The sample was annealed in Ar : H 2 atmosphere at 400 °C for 10 min to improve the ITO conductivity. The top contact preparation was finalized by depositing a Ni/Au 10/200 nm frame and bonding pad defined by optical lithography. The bottom contact was taken from the backside of the Si substrate using silver paint.

After processing, the sample was cleaved into two pieces. The first piece was investigated directly after processing, while the second one was treated for 10 min by RIE using CHF 3 plasma (pressure 30 mTorr, power 300 W) without any protective mask. CHF 3 plasma etches the HSQ encapsulation and can also attack the Si substrate, but it does not attack either the ITO or Au metallic frame, therefore the contacted pads are preserved. The purpose of the CHF 3 etching was to limit the photovoltaic conversion activity to ITO-contacted regions only (as described in the following) in order to allow an accurate measurement of the conversion efficiency. 

V.2.2. Electro-optical and EBIC characterization

The electrical properties of the contacted NW arrays were measured in LPICM at Ecole Polytechnique in Palaiseau at room temperature in the dark and under illumination with a commercial AAA grade solar simulator delivering 1 sun AM1.5G spectrum. Fig V .22 displays I-V curves of the as-processed and plasmatreated samples in the dark and under the AM1.5G illumination. The I-V of the as-processed sample has a diode shape with a relatively high reverse leakage current of 0.3 mA at -2 V. The diode opens at about 0.65 V. Under illumination with an AM1.5G spectrum, the short circuit current I sc is 0.17 mA, the open current voltage V oc is 0.37 V and the fill-factor FF is 27 %.

The conversion efficiency cannot be precisely calculated because of uncertainty of the collecting surface area as discussed below.

It is noteworthy, that the PV response is unexpected in the present sample.

Previous studies of GaN NWs on Si substrate evidencing a PV conversion employed either p-doped GaN on n-doped Si [Tan2008], [Tan2008b] or ndoped GaN on p-doped Si [Li2010], [Moz2015] to form a p-n junction. However, in our case, the n-doped Si substrate was used for the NW growth and the induced doping of the NWs due to the Si atoms diffusion [Fur2008] is also ntype. Based on the electron affinities of Si (4.05 eV) and GaN (4.1 eV) [Aru1998], a schematic band profile along the NW growth axis is traced in FigV.23. The PV effect could be explained by the band alignment at the GaN/Si interface [Moz2015b]. The carriers created in GaN can be potentially separated due to the holes relaxation into Si. However, as discussed below, this hypothesis is refuted by the EBIC observations of a generated current in the regions where the GaN material is absent. In addition, the contribution of GaN is not observed in the photocurrent spectra. After plasma treatment, the leakage current was reduced to 1.5 µA at -2 V. Under the illumination, the short circuit current I sc was also significantly reduced to 25 µA, the open circuit current voltage V oc remained almost unchanged equal to 0.36 V and the fill-factor FF was reduced to 20 %. The reduction of the I sc is due to the modification of the exposed Si surface by plasma treatment inhibiting the PV conversion outside the ITO-contacted regions (as evidenced by EBIC mapping described below). The conversion efficiency of 2.7 % is calculated by the following formula:

, where P inc is the incident light power. This estimation is obtained assuming that the PV conversion takes place only in the ITO-contacted region.

For the plasma-treated sample, we note the appearance of an S-shape in the I-V curve under illumination. Similar S-shape behaviors have been reported for example in organic solar cells [Sin2005]. The common explanation is the presence of a potential barrier at the interface between the active region and the electrode that prevents the extraction of the photogenerated carriers. However, in the present case we do not expect to change the ITO/NW interface by CHF 3 treatment. It is more likely that the appearance of the S-shape is related to the enhanced recombination and defects at the Si surface around the ITO squares exposed to plasma treatment. The S-shape leads to a deformation of the illuminated I-V curve and to a reduction of the fill-factor [Fin2013].

To define the origin of the PV effect, the spectrum of the external quantum efficiency (EQE) (Fig V .24) of the device was probed using a tunable visible-UV light source consisting of a Xe lamp coupled with a Jobin Yvon Triax 180 spectrometer. The EQE spectrum shows that the current generation takes place in a wide spectral range between 360 nm and 1100 nm. The long wavelength cut-off of the spectral response indicates that the generation originates from the Si substrate. The short wavelength cut-off is attributed to the absorption in the ITO and GaN NWs.

To understand the origin of the current generation, EBIC mapping was performed in a cross-section and in a top view configuration. For the measurements a small silver paint drop was deposited on the metal pad to make the top contact, the bottom contact was made to the backside of the Si substrate using silver paint and a piece of Al foil. The electron beam acceleration voltage of 3 kV, 10 kV and 15 kV was used for the measurements. The cross-section EBIC maps of the as-processed sample are shown in Fig V .25. 25b shows an effect of the electron beam exposure (the areas marked by yellow arrows). After few seconds of the electron beam exposure at the high SEM magnification, the Si surface transforms and starts to produce the EBIC signal at the 50-100 µm distances from the electric field position. This exposure effect disappears completely after a 20 minute characteristic time. We did not make a consistent explanation for the exposure effect; I come back to it in the end of this section.

Here I want to note, that a definition of the field localization and the diffusion lengths should be done in the unexposed areas. The profiles (red lines) were drawn for the "fresh", i. e. unexposed areas. The profile EBIC signal decays etimes at the distances of 20 µm and 10 µm for the profiles in panels (b) and (d), respectively.

The observation of the EBIC signal at a 5 mm distance from the contact pad excludes the hypothesis that the PV conversion is purely due to the carrier separation by the Si/GaN band offset since there is no continuous GaN layer on this surface. The presence of a strong EBIC signal from regions outside the ITO pads indicates the existence of a high surface conductivity in the sample. The PV generation in the studied sample can be explained by considering the growth procedure. The growth starts with a deposition of an Al layer on a clean Si surface at 600 °C temperature. This temperature is above the eutectic temperature for Al-Si alloy (with a 0.126 Al fraction) [Mas1986], which can lead to Al-Si intermixing at the surface. For this case the PV generation is produced in the p-n junction in Si, while the holes collection takes place via a tunneling process at the p-Si/n-GaN interface (similar to the operation of a tunnel junction in tandem solar cells). It should be noted that for GaN NWs grown on Si substrate without the deposition of AlN layer, no response in the infrared and visible range originating from Si substrate was reported [Lun2010]. This shows that the p-n junction in Si is indeed induced by Al diffusion and not, for example, by Ga diffusion from the deposited GaN material.

To further assess the p-n junction formation, top-view EBIC maps were measured. As seen from the EBIC profile, the induced current is now maximal inside the ITO-contacted region and decreases outside with an exponential decay over a characteristic distance of 15 µm. (The rounded shape of the EBIC profile inside the ITO-contacted region is related to the large interaction volume at 15 kV electron beam acceleration voltage.) This observation shows that the plasma treatment has changed the surface conductivity and/or the doping of the surface layer and/or increased the surface defect density and recombination velocity. The EBIC maps were used to define the collection area used to calculate the conversion efficiency of the plasma treated samples presented above. Assuming the PV conversion inside the ITO-contacted region and in a 15 µm large frame around this region, the efficiency of the solar cell is estimated to be 2.1%.

The plasma treated sample was also studied on the cross-section. The electron beam irradiation during several minutes of a high magnification SEM imaging (with a screen size at around 200 µm or less) "re-activates" in some way the surface of the sample. After a characteristic time of 20 minutes the revived area returns to the normal inactive condition. This effect is typical for the Si structures, which I analyzed, both planar and NW based, in both top view and cross-section measurement. However, for unknown reasons the exposure effect has different magnitude for different Si structures. In the case of the plasma treated GaN NW/Si substrate solar cell, we observed the most dramatic effect. Normally, the exposed area has a darker SEM contrast compared to the unexposed area, which can indicate a surface charging.

We did not make a consistent hypothesis explaining the exposure effect. Since this effect is recoverable, it cannot be ascribed to carbon contamination or to any other material deposition. I suppose that EHPs, generated by the electron beam, can modify the electronic structure of the surface, increasing locally the carrier diffusion lengths in the material and/or creating an electric potential, which separates the EHPs.

I have discussed the exposure effect here, because it should be taken into account while analyzing the EBIC measurements results. It should be mentioned, that in nitride materials almost no exposure effect was observed.

Conclusion

To conclude the results of the work reported in this section, the method of growing GaN NWs on Si wafer by MBE including a deposition of few nm AlN layer leads to p-doping of the Si surface layer due to the Al atoms diffusion into the Si substrate. The devices contacted by GaN NWs present rectifying currentvoltage characteristics. The created highly-doped surface layer is shown to be highly conductive, allowing for an efficient photocurrent collection from a surface of several square millimeters. These results are confirmed by EBIC characterization in both cross-section and top view imaging configurations. The hole diffusion length in the n-Si wafer is found to be in the 10-20 µm range. CHF3 plasma treatment of the surface inhibits the photovoltaic response outside the contacted areas. The plasma-treated sample shows 2.1-2.7% conversion efficiency under solar illumination. The creation of a p-n junction in the Si wafer during the NW growth offers prospects for the future development of InGaN/Si tandem solar cells.

General conclusions and prospects

This manuscript is dedicated to the study of GaN and Si NWs.

In Chapter III MOCVD GaN core-shell microrod blue LEDs grown by GLO Company were processed and characterized. The EBIC measurements were done in both top view and cross-section modes. The p-n junction was localized and proved to be homogeneous (in terms of material quality and doping of the p-GaN and n-GaN layers). The current extraction was found to have a 50 % difference between the microrod top and bottom parts due to a gradient of the In content in the InGaN quantum well and of the Al content in the AlGaN electron blocking layer. Based on EBIC signal profiles, I estimated the minority carrier diffusion lengths to be in the range 60-150 nm for holes in the n-GaN underlayer and 20-70 nm for electrons in the p-GaN shell. The p-n junction formation in the top facets was studied by EBIC measurements and the results were analyzed using numerical modeling. Microrod arrays with a postprocessing treatment were studied in detail by EBIC mapping. The postprocessing treatment consisted of several etching and passivation steps. After each step, the EBIC mapping demonstrated the undesirable p-n junction electrical activity in the top facets of the microrods was gradually decreased. EL maps were measured in a high resolution and the results were correlated with EBIC maps of the corresponding areas. The analysis of the results showed that a low (30%) yield of microrods producing EL can be explained by an inhomogeneous wire-to-wire access resistance mainly due to the potential barrier in the NW/core interface formed during the early stage of the underlayer deposition.

During the EBIC measurements, an electrical potential barrier in the NW/underlayer interface manifesting itself in an abnormal EBIC signal from the n-GaN underlayer was revealed in around 10% of the microrods. The abnormal EBIC signal was found to disappear under the electron beam irradiation and transit to the normal EBIC signal in the p-n junction area. The transition was studied in detail in high resolution cross-section EBIC measurements.

In Chapter IV a fabrication of a substrate-free PDMS/GaN microrod membrane LED (with the MOCVD core-shell 20-30 µm long microrods grown by A. Messanvi at CEA in Grenoble) was developed. The fabricated devices demonstrated EL under several mm 2 size ITO contact pads. The samples with an Ag NW transparent contact were characterized in the top view EBIC measurements, the Ag NWs demonstrated a good connection to the microrods and allowed an effective current extraction from around 1 cm 2 size area.

Individual microrods were processed for electrical characterization. In particular, the absence of Schottky barrier signal from a Ni/Au annealed contact was proved by EBIC measurements. The conductivity of the p-GaN shell was found to be low and responsible for a current collection reduction with a distance from a localized contact to p-GaN shell. A processing for an EBIC characterization of the microrods in a cross-section perpendicular to the wire axis was developed. The diffusion lengths were extracted from the measured EBIC profiles and were estimated to be 70 ± 20 nm for holes in the n-GaN core and of around 50 nm for electrons in the p-GaN shell.

The results of the study of NW-based GaN LEDs lead to a conclusion, that for nanowires it is still hard to compete with the mature thin film technology. Therefore, our opinion is that a development of niche applications such as flexible and substrate-free devices is more promising in the short-term period.

In Chapter V HIT (Heterojunction with Intrinsic Thin layer) ordered and disordered SiNW array solar cells fabricated by A. Togonal in the Nanyang Technological University were characterized by EBIC microscopy in both top view and cross-section modes. The p-n junction was located 100 nm inside the Si substrate for both ordered and disordered SiNW cells. The EBIC produced in the SiNWs appeared to be much lower than the signal from the Si substrate, and it was attributed to material defects in the SiNWs. I also studied ordered SiNW solar cells subject to a special oxidation treatment. The cells after the treatment demonstrated an increase of the electrical activity in the wires and a decrease of the conversion in the substrate. The improvement of the SiNWs performance was attributed to removal of non-radiative defects thanks to the oxidation of the porous Si material formed during SiNW formation (by a topdown method). The reasons for the performance decrease of conversion in p-n junction in the substrate were not fully understood.

We find the new HIT SiNW technology promising to reduce of the cost of solar cells fabrication and therefore it may have a dramatic impact on the power generation industry. The main efforts should be applied to increase the material quality of the SiNW by optimizing the wire formation and treatment procedures and better understanding of the physics of the SiNW and substrate surface.

In Chapter V I also reported on a study of MBE GaN NWs grown on Si substrate by J.-C. Harmand team in LPN in Marcousis. The samples demonstrated an unexpected PV response. The energy conversion efficiency of the processed samples was estimated to be in the 2.1-2.7% range. The EBIC measurements were performed in both top and cross-section modes and revealed a p-n junction inside the Si wafer, which is responsible for the PV effect. The formation of the p-n junction was attributed to Al atom diffusion inside the Si wafer during the growth of GaN NWs at high temperature. The EBIC measurements revealed a high surface conductivity allowing efficient current collection from a cm 2 size area. The estimated diffusion length of holes inside the n-doped Si wafer was in the range of 10-20 µm. The surface conductivity outside the ITO contact pads was effectively suppressed by a CHF 3 plasma treatment. For the plasma-treated sample a re-activation of the electrical activity of the p-n junction by an electron beam exposure was observed.

The studied GaN/Si structures are pursuing a goal to create a high efficient photovoltaic device by expanding the spectral sensitivity. A high efficient device can substitute the Si-based solar cells in situations when the installation surface is limited, for example, in orbit satellites, house roofs in the dense populated areas etc. Excellent thermal and degradation robustness of GaN material also allows fabricating energy concentration solar cells, which are attractive due to the small size of expensive high quality material devices. Further progress of the GaN/Si technology can be achieved by better control of NW growth and material quality. During the measurements, a microrod in the Fig B .6 was cleaved both vertically and horizontally, which is a rare event for this microrod structure. The n-GaN area is not electrically connected to the 2D n-GaN base layer, and since we don't have signal, we can only say, that we observe contrast in the SEM image due to charging, which looks similar to the observations in other rods, which exhibit transformation. It can possibly mean that the abnormal EBIC signal transformation does not require connection to the GaN substrate and/or can happen before being loaded into the SEM setup without electron beam irradiation. These considerations lead to a highly speculative hypothesis, that the quantity of the microrods with a charged underlayer/core interface in the EL experiment may be higher than 10 % observed in the top view EBIC maps, thus explaining the low (30 %) EL yield: indeed, the EBIC measurements could have detected only very deficient microrods, while the less deficient microrods could have returned to the third stage of the abnormal EBIC signal (normal signal from the p-n junction area) A curious feature is illustrated in Fig B .7. The presented microrod is undamaged, but it is located on a destroyed area of the substrate. However, it has not lost the electrical connection with the conductive 2D n-GaN contact and produces a clear EBIC signal captured from an unusual angle. This is an interesting illustration of the robustness of the studied structures. 

'Electron beam induced current microscopy investigation of

Annex C InGaN/GaN MOCVD thin film solar cells

In this section I describe the analyses of nitride thin film solar cells [START_REF] Dogmus | High structural quality InGaN/GaN multiple quantum well solar cells[END_REF].

As I have already discussed, InGaN alloys are attractive for solar cell applications [2], [3], [4]. However, the optimal performance of InGaN solar cell is not achieved yet mostly due to the difficulty of growing thick and high crystalline quality InGaN alloys having attractive band gaps (>2.4eV) and achieving low ohmic contact resistances on p-type GaN. In the previous section I have describe one approach to solve these problem, namely the replacement of thin films by NWs. Alternative solution that I analyze in this section employs thin films, but proposes a smart design of the active region by profiting from the carriers localization in the In-rich MQW, which decrease nonradiative recombination rate at crystalline defects, and adjusting semitransparent metallic contact ohmic to p-GaN. 

C.1. Photovoltaic characterization

External quantum efficiency (EQE) spectra were measured by a thermally stabilized EQE setup by using a calibrated Si photodetector (Newport 70356 module). Photoluminescence measurements were performed at room temperature by exciting Ti : sapphire laser (wavelength =266 nm) focused onto a 300µm diameter spot.

The room temperature PL spectra of solar cell structures are displayed in Fig C .2. The peak emission wavelength and full width at half maximum (FWHM) are indicated in the inset table. The FWHM increases as the fraction of In is decreased from 0.24 to 0.15, which confirms the degradation of crystalline quality in richer In-content InGaN layers. The EQE spectra show the broadband absorption of solar cell designs A,B and C. Owing to InGaN/GaN MQWs with x=0.24, 0.19 and 0.15, the spectral cut-offs of GaN (365 nm) are red-shifted to 530nm, 496 nm and 440 nm, respectively. The drop in EQE peak efficiency with the increase in In content, x from 0.15 to 0.24, can be explained by higher dislocation density [5] and compositional fluctuations [6] in higher In content InGaN which lead to trapping of photo-generated carriers either in crystalline defects or shallow InGaN wells. We can prove from the EBIC maps that 15 % indium-rich active region does not contain V-shape defects. Indeed, these defects would appear in the upper part of the active region and should be visible in the 5 kV acceleration voltage EBIC map, which is perfectly homogeneous. Therefore the fluctuations in the 15 kV acceleration voltage map should be attributed to some defects in the lower part of the active region or in the n-GaN layer. Unfortunately, for this sample it was important to preserve the integrity of the solar cell, so we did not perform the cross-sectional EBIC measurements to elucidate the defects origin. Abstract: In this thesis I present a study of nanowires, and, in particular, I apply EBIC microscopy for investigation of their electro-optical properties. First, I describe details of the EBIC analytical technique together with a brief historical overview of the electron microscopy, the physical principles of the EBIC, its space resolution, parameters defining the signal amplitude, and the information we can acquire concerning defects, electric fields, etc. Then I focus on the characterization of LEDs based on GaN nanowires, which were analyzed in a cross-section and in a top view configurations. The EBIC measurements were correlated with micro-electroluminescence mapping. Further, I address the fabrication and measurement of nanowire-based InGaN/GaN LEDs detached from their original substrate. I present the EBIC measurements of individual nanowires either cut from their substrate and contacted in a planar geometry or kept standing on sapphire substrate and cleaved to reveal the horizontal cross-section.

The next part of this thesis is dedicated to an EBIC study of irregular Si nanowire array-based solar cells, and then of the regular nanowire array devices. The current generation was analyzed on a submicrometer scale. Finally, I discuss the fabrication and EBIC measurements of GaN nanowires grown on Si substrate. In particular, I show that the p-n junction was induced in the Si substrate by Al atom diffusion during the nanowire growth.

  Le troisième chapitre s'intéresse à la caractérisation de nano-fils coeur/coquille à base de GaN, qui ont été synthétisés par la société GLO. La fabrication des diodes elles mêmes a été réalisée à l'IEF, avec un dépôt d'ITO et des contacts métalliques. A titre d'exemple, la Fig III.1 a) montre une image de microscopie électronique à balayage (MEB) illustrant la morphologie de nanofils. Leur structure interne sous forme d'un coeur en n-GaN, de la région active en InGaN et de la coquille en p-GaN est schématisée dans la figure III.1 b).

Fig III. 1 .

 1 Fig III.1. Nano-fils InGaN/GaN coeur/coquille: (a) image MEB de l'assemblée de nano-fils, (b) schéma de la structure de nano-fil; (c) image MEB de la structure en section de clivage verticale après la fabrication de contacts.

Figs

  Figs III.15-19. Transition du signal d'EBIC anormal de nano-fil clivé verticalement, voltage d'accélération de 2-6 kV.

Fig

  Fig III.61. Image MEB (a) et carte EBIC (b) en haute résolution de une matrice des nano-fils, voltage d'accélération de 10 kV ; cartes EL en 0 -5.5 V de voltage appliqué (c-h).

Fig IV. 2 .

 2 Fig IV.2. Image MEB d'une membrane de micro-fils/PDMS. En insert, une image MEB à plus haut grossissement est présente, et les micro-fils sont marqués avec des flèches jaunes.

Fig

  Fig IV.21. Gauche : Image MEB et carte d'EBIC du micro-fil clivé horizontalement, voltage d'accélération de 5 kV ; Droit : profil du signal d'EBIC, la flèche rouge montre la direction du profil.

Fig V. 7 .

 7 Fig V.7. Profil de signal EBIC, voltage d'accélération de 10 kV. En incrusté montre la carte d'EBIC et la position de profil.

Fig V. 21

 21 Fig V.21. (a-f) Images MEB de nano-fils GaN sur un substrat de Si ; (g) schéma du dispositif fabrique.

Fig

  Fig V.28. Images MEB et cartes EBIC de nano-fils à GaN sur substrat Si. Panneau(a) and (b) présent la vue planaire, voltage d'accélération de 15 kV. Panneau (c) and (d) montre la surface clivée, voltage d'accélération de 10 kV. Les linges rouges et roses présent les profils du signal EBIC.

Fig II. 1 .

 1 Fig II.1. Semiconductor energy band profile schematics during separation of charge carriers in a p-n junction electrical field. (Not drawn to scale.)

Fig II. 2 .

 2 Fig II.2. Numerical simulation of interaction volume in Si (a, c, e) and GaN (b, d, f) by CASINO software, 0.5 kV (a, b), 10 kV (c, d) and 30 kV electron beam acceleration voltage (e, f), respectively. Red tracks correspond to backscattered electrons.

Fig II. 3 .

 3 Fig II.3. CASINO simulation of equi-energetic surfaces of electron beam interaction with Si, 30 kV electron beam acceleration voltage.

Fig II. 4 .

 4 Fig II.4. CASINO simulation of beam interaction with Si covered with 100 nm Au (a) or ITO (b), 10 kV electron beam acceleration voltage.
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  doped GaN surface layer. The LED microrods consist of a cylindrical part having a hexagonal cross-section with lateral facets defined by m-planes and of a top pyramidal part defined by semipolar (10-11) planes. A typical SEM image of the microrod array is shown in Fig III.1a together with the schematic of the structure in Fig III.1b.

Fig III. 1 .

 1 Fig III.1. InGaN/GaN core-shell nanowires: (a) SEM image of a nanowire array, (b) schematic of the nanowire structure; (c) cross-section SEM image of the processed structure after vertical cleaving.

Fig III. 3

 3 Fig III.3. a) I-V curve of the 300 × 300 μm 2 LED. The inset shows the EL spectrum for 1.8 A/cm 2 electrical injection. b) EL spectra at different working currents demonstrating the appearance of a blue line (420 nm) with increasing current due to the inhomogeneous injection in the active region.

Fig III. 4 .

 4 Fig III.4. CASINO simulation of beam interaction with a 60° tilted GaN material covered with 200 nm ITO, trajectories (a) and energy profile (b), 10 kV electron beam acceleration voltage. Most of the beam energy is absorbed inside the ITO contact.

Figures III. 5 a

 5 Figures III.5 a) and b) display the top-view SEM image and the corresponding EBIC map. A strong EBIC signal is observed on the circumference of the wire corresponding to the radial p-n junction on the vertical facets. However, the EBIC signal drops to the background noise level when the excitation position approaches the nanowire center (see Fig III.5b and the linear EBIC profiles of Fig III.5e).

Fig III. 6

 6 Fig III.6. a) Schematics, describing the calculation of the simulated EBIC signal value: Grey spheres represent the interaction volume, containing a certain amount of the simulated p-n junction surface (blue line); b) CASINO simulation of the interaction volume approximated with a sphere.

  Fig III.7. a) Simulated EBIC map considering an absence of the p-n junction on the semipolar facets; b) Measured EBIC map.

  The wafers are cut into two halves with a typical procedure (see Fig III.8): making 1-2 mm scratch with a diamond tip scriber in the flat part of the wafer in the direction (1-100); the wafer is put on a few cleanroom wipers, and the scratched site is pressed by a steel tweezers handle. This procedure produces two equal halves with a highly smooth and rectangular cut edge, because [1-100], [01-10] and [-1010] directions are the easy-cleavage directions for the sapphire. An attempt to cut sapphire in other directions makes the sample breaking into fragments (except directions [11-20], [1-210] and [-2110], which, however, generally do not produce smooth cut edge).

Fig III. 8 .

 8 Fig III.8. Schematics of cleavage. A 2-inch wafer is scratched in the [1-100] direction.

Fig III. 9 .

 9 Fig III.9. Cleavage of the processed sample in the [-1010] direction for a top view EBIC experiment.

Fig III. 10 .

 10 Fig III.10. Schematics of a microrod cleavage.

Fig III. 11 .

 11 Fig III.11. Schematics of the microrods on the wafer. The GaN microrods inherit the sapphire substrate orientation.

Fig

  Fig III.12. (a) Cross-sectional SEM image of the cleaved microrod #1 at 5 kV electron beam acceleration voltage. (b)-(d) Normalized EBIC maps corresponding to the red rectangle in panel (a) collected for the following acceleration voltages and beam current, impinging the sample: (b) 2 kV electron beam acceleration voltage, 0.4 nA, (c) 5 kV electron beam acceleration voltage , 0.5 nA and (d) 10 kV electron beam acceleration voltage, 0.9 nA. (e) Cross-sectional SEM image of the cleaved microrod #2 at 2 kV electron beam acceleration voltage. (f) Corresponding EBIC map collected at 2 kV electron beam acceleration voltage and beam current 0.4 nA. The dashed line indicates the nanowire perimeter. The normalized color scale is the same for panels (b, c, d and f). (g) EBIC profiles at 2 kV electron beam acceleration voltage, 5 kV electron beam acceleration voltage and 10 kV electron beam acceleration voltage at the half height of the microrod #1 perpendicular to the wire axis. (h) EBIC profiles at the top, middle and bottom part of the microrod #2 perpendicular to the wire axis at locations marked with dashed rectangles in panel (f).

  5 and 10 kV electron beam acceleration voltage the EBIC signal is produced not only by the sides of the microrods, but also by the back facets (see Figs III.12cd), which makes it impossible to extract the diffusion lengths accurately. The EBIC map in Fig III.12f of a microrod, which preserved its integrity after the sample cleavage (Fig III.12e), confirms the absence of the signal in the upper part of the pyramidal cap (see more detailed Fig III.13).

Fig

  Fig III.13. SEM image (left) and EBIC map (right) of a vertically fully cleaved microrod at 2 kV electron beam acceleration voltage, showing the presence of the EBIC signal in the lower part of the pyramidal cap and its absence in the upper part.

Fig

  Fig III.15. SEM image and EBIC map of the first stage of the abnormal EBIC signal, 6 kV electron beam acceleration voltage, time: 0 minute.

Fig

  Fig III.16. Transition from the first to the second stage of the abnormal EBIC signal, 6 kV electron beam acceleration voltage, time: 9 minutes.

Fig

  Fig III.17. The second stage of the abnormal EBIC signal, 3 kV electron beam acceleration voltage, time: 22 minutes.

Fig

  Fig III.18. The transition of the EBIC signal to the final stage, 3 kV electron beam acceleration voltage, time: 23 minutes.

Fig

  Fig III.20. Band diagram in the second (a) and the final (b) stages of the abnormal EBIC signal. c) Tilted at 45° SEM image of the nanowires after KOH etching.
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 21333 Fig III.21. a) SEM image of a cleaved microrod in artificial colors showing the internal structure; b) 45° tilted SEM image of a microrod array.

  Fig III.23. Cross-sectional SEM image (left) and EBIC map (right), 10 kV electron beam acceleration voltage, time: 0 minutes. The upper 6 µm of the epitaxial GaN including microrods demonstrate a rough surface on the cut edge. Red arrows show the microrods with an abnormal EBIC signal. The microrods with a zero EBIC signal are cleaved with a damage of the connecting NW core.

Fig

  Fig III.25. SEM image (top) and EBIC map (bottom), 15 kV electron beam acceleration voltage, time: 80 minutes. One of the microrods (4th from left) transformed to the final stage of the EBIC signal, while other (1st and 3rd from left) have unchanged abnormal signal.

Fig

  Fig III.26. SEM image (left) and EBIC map (right), 20 kV electron beam acceleration voltage, time: 90 minutes.

3 .

 3 It is a low acceleration voltage, namely, 6 kV, which transformed the abnormal EBIC signal in the measurements Fig III.15-19 in section III.1. However, next measurements did not prove abnormal signal transformation at 7 kV electron beam acceleration voltage, but it has transformed at 10 and 15 kV electron beam acceleration voltage.

Fig

  Fig III.27. SEM image and of a wrongly cleaved specimen, 10 kV electron beam acceleration voltage.

  Fig III.28 has a clearly visible pyramidal nucleus formed in the initial stage of the NW core growth, meanwhile, no EBIC signal is observed in the corresponding area of the EBIC map. (The EBIC map in Fig III.28 has been specially measured at 2 kV electron beam acceleration voltage to focus on the surface and maximize the generated EHP density in the nucleus area).

Fig

  Fig III.28. High resolution SEM image (left) and EBIC map (right), 2 kV electron beam acceleration voltage. Pyramidal nucleus is visible in the base of the NW core.

Fig

  Fig III.29. SEM image and EBIC map of a wrongly cleaved microrod, 4 kV electron beam acceleration voltage, time: 0 minutes. The microrod produces a very asymmetric and weak EBIC signal without any visible reasons.

Fig

  Fig III.30. SEM images and EBIC maps, 7 kV (left) and 10 kV electron beam acceleration voltage (right), time: 2 and 4 minutes, respectively. The EBIC signal follows the dark SEM image contrast contour.

Fig

  Fig III.32. SEM image and EBIC map of a sample with etched ITO from the semipolar planes, 4 kV electron beam acceleration voltage.

Fig

  Fig III.35. Low magnification SEM image (left) and EBIC map (right) of the asprocessed sample, 20 kV electron beam acceleration voltage. The border of the area covered with ITO is visible in the EBIC map. The empty sites without microrods are presented in both SEM image and EBIC map.

Fig

  Fig III.36. Detailed SEM image and EBIC map of the border of covered with ITO area, 20 kV electron beam acceleration voltage. Red arrow points to a microrod with an abnormal EBIC signal.

Fig

  Fig III.37. SEM image and EBIC map, 10 kV electron beam acceleration voltage.

Fig III. 38 .

 38 Fig III.38. High resolution SEM image at 20 kV electron beam acceleration voltage (a) and EBIC maps (b-e) at 10, 15, 20 and 25 kV electron beam acceleration voltage.

Fig III. 39 .

 39 Fig III.39. Low magnification SEM image and EBIC map of an ITO etched sample, 10 kV electron beam acceleration voltage. The light grey areas correspond to metal frame contact and dark grey areas correspond to ITO covered microrod array.

Fig

  Fig III.40. SEM image and EBIC map of the ITO-etched microrod array, 10 kV electron beam acceleration voltage. Yellow arrows point to several microrods with an abnormal EBIC signal.

Fig

  Fig III.41. SEM image and EBIC map of an area with microrod array close to the cut edge, 10 kV electron beam acceleration voltage. Yellow arrows point on misshaped microrods. The misshaped microrods produce an EBIC signal of different types: a 'normal' EBIC signal, an abnormal EBIC signal and a reduced and/or delocalized EBIC signal.

Fig

  Fig III.42. SEM image and EBIC map of a microrod array, 10 kV electron beam acceleration voltage. Apart from one asymmetric microrod (the 2nd row, 3rd from the right), all the microrods have no visible particularities, but the EBIC signal varies among the microrods.

  measurements show, after the ITO contact etching, the 'normal' EBIC signal in the central part of the microrods is nonzero. The 4 kV electron beam acceleration voltage EBIC signal is visible in the normal microrods semipolar facets (Fig III.45 the lower right corner). Unfortunately, I did not take better images, because I did not pay enough attention to a low acceleration voltage EBIC signal, satisfied by the fact, that the signal at 4 kV electron beam acceleration voltage was present but weak. The presence of the signal in the center part of the microrod (to be compared with the vertically cleaved microrod in Fig III.32) means that the p-n junction in the semipolar facets still exists and the conductivity of the p-doped GaN is still high enough to collect generated carriers.

Fig

  Fig III.45. SEM image and EBIC map of a vertically cleaved microrod of the ITOetched sample, 4 kV electron beam acceleration voltage. The images also display two adjacent microrods with a 'normal' EBIC signal.

Fig

  Fig III.46. SEM image and EBIC map of an ITO-etched microrod, 10 kV electron beam acceleration voltage.

Fig

  Fig III.47. CASINO simulation of the equi-energetic profiles for 10 kV beam and 60° tilted GaN material. The interaction volume diameter is more than 400 nm.

Fig

  Fig III.48. SEM image and EBIC map (top) of the vertically cleaved microrod, 4 kV electron beam acceleration voltage. EBIC signal profile (bottom) of the area indicated in the EBIC map with a rectangle.

Fig

  Fig III.50. SEM image and EBIC map of the passivated microrod array close to the cut edge, 10 kV electron beam acceleration voltage. The abnormal EBIC signal does not seem to be affected by the plasma treatment.

Fig

  Fig III.51. SEM image and EBIC signal of the passivated microrod array, 10 kV electron beam acceleration voltage. The EBIC signal from the semipolar facets is reduced to the background level.

Fig

  Fig III.53. Low magnification SEM image and EBIC map of a contact pad of the ICP-etched sample, 10 kV electron beam acceleration voltage.

Fig

  Fig III.54. SEM image and EBIC map of the ICP-etched microrod array, 10 kV electron beam acceleration voltage. The areas marked by orange ovals do not produce any EBIC signal.

Fig

  Fig III.57. SEM image and EBIC map of the ICP-etched microrods, producing the abnormal EBIC signal, 10 kV electron beam acceleration voltage.

Fig

  Fig III.58 displays low magnification SEM image, EBIC map and EL map of a mesa close to the contact pad. The EL signal is highly inhomogeneous compared to the EBIC map.

Fig

  Fig III.58. (from left to right) Low magnification SEM image, EBIC map (10 kV electron beam acceleration voltage) and EL map (4.5 V applied bias voltage) of the ICP-etched LED.

Fig III. 63 .

 63 Fig III.63. Simplified equivalent electric circuit of core-shell microrod (a) and the corresponding simulated I-V curves for different serial resistances (b). The operating conditions of the EBIC and the EL experiments are marked in (b).

Fig IV. 1 .

 1 Fig IV.1. The GaN NW core-shell structure. a) Cross-sectional SEM image of the as-grown NWs with the average height of ~20 μm. b) 45° tilted SEM image of the NW array. c) Top view SEM image of the NWs. d) Schematics of the nanowire internal structure.

  Fig IV.2. SEM image of the microrod/PDMS membrane. Inset shows a high magnification SEM image of the region marked with a black rectangle, where single microrods are visible. The microrods are marked with arrows.

Fig IV. 3 .

 3 Fig IV.3. Schematic of the processing steps. a) Encapsulated microrods with a metal contact to p-doped GaN shells and a PDMS cap layer before peeling. b) Final device consisting of a flipped membrane with a transparent ITO contact to n-doped GaN microrod base parts and top metal contact pads. The PDMS cap is partially released, and aluminum foil is attached to the bottom metal contact.

Fig IV. 4

 4 Fig IV.4. I-V curve of the microrod/PDMS membrane LED.

Fig IV. 5 .

 5 Fig IV.5. Electroluminescence spectra at 6, 7 and 8 V forward bias.

Fig

  Fig IV.10. SEM image and EBIC map of the Ag NW contact area of the microrod/PDMS membrane, 20 kV electron beam acceleration voltage. Individual Ag NWs can be distinguished in the SEM image. The EBIC map displays the signal from the microrods as well as from the high-density Ag NWs regions.

2 - 4 ,

 24 by the active region. The solar cell microrods contain 30 In 0.18 Ga 0.82 N/GaN MQW compared to 7 MQWs for the LED active region. All other parameters are the same as in Fig IV.1.

Firstly, 5 /

 5 Fig IV.14. Top view SEM image of the contacted microrod.

Fig

  Fig IV.15. SEM image and EBIC map (top) of individual InGaN/GaN microrod, 10 kV electron beam acceleration voltage. EBIC signal profile (bottom), the red arrow shows direction of the scan.

Fig

  Fig IV.16. 45° tilted SEM image of the In 0.15 Ga 0.85 N/GaN core-shell microrod array. Image a) presents a typical microrod and images b)-e) present various microrod tip shapes.

Fig IV. 17 .

 17 Fig IV.17. Schematics of the core-shell microrod array sample processing for vertical cross-section microrod cleaving and EBIC measurements. The sample (a) is covered with a 10/20/10/150 nm Ti/Al/Ti/Au contact (b); the Ti/Al/Ti/Au is removed from the upper part of the rods by aqua regia etching, the bottom contact is protected with S1818 2 µm thick photoresist (c); several HSQ spincoating and annealing cycles are made to form a thick 8-10 µm film (d); then a 10/200 nm Ni/Au contact was deposited (e). Color boxes denote corresponding materials.

Fig

  Fig IV.18. SEM image of cleaving process. The probe tip (bottom right corner) presses two microrods, they bend and then break.

Fig

  Fig IV.19. SEM image of microrods embedded in 10 µm HSQ film. In the central part of the image the HSQ islands were removed to access the bottom contact.

Fig V. 1 ,

 1 which schematically shows the Si wafer, the etched NWs and the a-Si layers and the contacts. The fabrication and optical characterization of the HIT NW solar cells has been performed by A. Togonal at the Nanyang Technological University in the framework of her PhD studies and the detailed fabrication process is described in [Tog2016], [Tog2015]. I briefly summarize it here and then focus on my contribution to this work, namely on the EBIC study of the generation.

Fig V. 1

 1 Fig V.1. a) Schematics of the structure (reproduced from [Tog2016]), b) crosssectional SEM image of the SiNW array based on bulk Si wafer.

Fig V. 2 .

 2 Fig V.2. Schematics of the contacting. Top contact was made on the ITO pad (red) and the bottom contact on the not etched part of the Si wafer (orange).

Fig V. 4 .

 4 Fig V.4. Cross-section SEM image (left) and EBIC map (right) of the SiNW array, 3 kV electron beam acceleration voltage. The central part of the micrographed region is slightly charged by the electron beam.

Fig V. 5 .

 5 Fig V.5. High magnification SEM image and EBIC map of the SiNW/wafer interface, 3 kV electron beam acceleration voltage.

Fig V. 6 .

 6 Fig V.6. Low resolution SEM image and EBIC map of the cleaved edge of the solar cell, 5 kV electron beam acceleration voltage.

Fig V. 7 .

 7 Fig V.7. EBIC signal profile, 10 kV electron beam acceleration voltage. The inset displays the EBIC map and the profile position.

Fig V. 8 .

 8 Fig V.8. EBIC signal profile fitting, dots in the plot represent experimental data and the red line is the linear fit, standard deviation χ 2 = 0.995.

Fig V. 9 .

 9 Fig V.9. Schematics of the epilayer type solar cell.

Fig V. 10 .

 10 Fig V.10. Top view and cross-section SEM images of the SiNW solar cell based on epilayer, 10 and 5 kV electron beam acceleration voltage respectively.

Fig

  Fig V.11. EQE curves of the 500 nm height SiNW solar cell and the reference planar solar cell.

Fig V. 13

 13 Fig V.13. CASINO simulation of the interaction volume between 200 nm ITO/Si wafer and 10 (a) and 20 (b) kV electron beam acceleration voltage electron beam.

Fig V. 14

 14 Fig V.14. Cross-section EBIC maps of short (a), (b) and long (c), (d) epilayer SiNWs solar cells at 5 kV electron beam acceleration voltage (a, c) and 10 kV electron beam acceleration voltage (b, d).

Fig V. 15

 15 Fig V.15. TEM image of a SiNW tip, which appeared to be porous.

Fig V. 16 .

 16 Fig V.16. Schematics of the oxidation treatment of the epilayer SiNWs.

Fig V. 17

 17 Fig V.17. EQE spectra for the epilayer SiNW solar cells before (black line) and after (red line) the thermal oxidation treatment.

Fig V. 19

 19 Fig V.19. Cross-section SEM image and EBIC map of oxidized epilayer SiNW solar cell, 5 kV electron beam acceleration voltage.

  Fig V.20 presents the grown GaN NW array. The NW density is rather low (of the order of 1.

Fig V. 20

 20 Fig V.20. Tilted SEM images of the GaN NWs on the Si substrate. White contrast corresponds to GaN NWs, grey to residual 2D GaN and AlN islands and dark to the Si wafer surface.

  Fig V.21. 45° tilted SEM images of the processed GaN NWs/Si solar cells. Panels (a-d) represent the as-processed sample and the panels (e-f) represent the plasma-treated sample. Panel (a) shows the cut edge of the contact pad in artificial colors: Au/Ni metal frame (yellow), the ITO layer (green) and the silicon surface (grey); panel (b) is the zoomed image of the ITO-contacted region with a cleaved ITO layer, revealing several covered GaN NWs; panel(c) shows the free surface outside the contact pad near the cut edge. The area marked with a red rectangle is shown in panel (d) at high magnification to visualize the thin HSQ insulating layer on the bases of the GaN NWs. Panel (e) shows the plasmatreated sample with the same artificial color code as used in panel (a), showing that the contact pad was unchanged after the passivation. Panel (f) shows the free surface of the plasma-treated sample, presenting white islands of GaN, which become visible after the HSQ etching by CHF 3 . Panel (g) is the schematics of the processed samples.

Fig V. 22

 22 Fig V.22. I-V curves in the dark (black lines) and under the solar simulator illumination (red lines) of the as-processed (a) and plasma-treated (b) samples. The respective insets show the same curves for voltages close to zero allowing to better see the short-circuit current and the open circuit voltage.

Fig V. 23 .

 23 Fig V.23. Schematic representation of the band profiles foran n-Si/n-GaN interface.

Fig V. 24

 24 Fig V.24. EQE spectrum of the plasma-treated sample.

Fig

  Fig V.25. Cross-section SEM images (a, c) and corresponding EBIC maps (b, d) of the as-processed GaN NWs/Si substrate sample, 10 kV electron beam acceleration voltage. The red dashed lines show the position of the EBIC signal profiles (red solid lines). Yellow arrows in panel (b) point on the areas exposed to electron beam.

Fig V. 26 .

 26 Fig V.26. Schematic representation of the band profiles for n-Si/p-Si/n-GaN junction. The red arrow indicates the carrier transfer by tunneling.

  Fig V.27 shows the SEM image and the corresponding EBIC map collected for the acceleration voltage of 3 kV.

Fig V. 27 .

 27 Fig V.27. Top view SEM image and EBIC map of the as-processed sample, 3 kV electron beam acceleration voltage. The dashed line in panel (b) shows the EBIC signal profile position and the solid red line the signal value.

Fig V. 28 .

 28 Fig V.28. Top view and cross-sectional SEM images and EBIC maps of the plasma-treated sample. Panels (a) and (b) present the top views collected under 15 kV electron beam acceleration voltage. Panels (c) and (d) show the crosssectional views at 10 kV electron beam acceleration voltage. Dashed red lines show the position of the EBIC signal profiles and solid red and pink lines show the EBIC signal profile value.

  Fig V.28cd shows the cross-sectional morphological and EBIC map acquired for 10 kV acceleration voltage of the edge of the ITO-contacted region. In agreement with the top view results, the EBIC signal goes to zero outside the ITOcontacted area. Exposure effect Finally, I want to describe in more detail the observed curious exposure effect mentioned before in Fig V.25b in the cross-section EBIC map. The top view EBIC map of the plasma-treated sample shown in Fig V.29 has square areas of the EBIC signal outside the ITO contact pad; these areas correspond to the e-beam exposure under high magnification conditions. I remind that the generation outside the ITO pads has been inhibited in this sample by plasma treatment.

Fig V. 29 .

 29 Fig V.29. Top view EBIC map of the border of the ITO pad of the plasma treated sample, 10 kV electron beam acceleration voltage.

Fig B. 2 .

 2 Fig B.2. SEM images and EBIC maps, 6 kV electron beam acceleration voltage. Transition of the abnormal EBIC signal.

Fig B. 4 .

 4 Fig B.4. The latest phase of the EBIC signal transition, 1 kV electron beam acceleration voltage.

Fig B. 6 .

 6 Fig B.6. SEM image of a vertically and horizontally cleaved microrod, 4 kV electron beam acceleration voltage. The inset shows an EBIC map with an absence of the signal from the microrod.

Fig

  Fig B.7. SEM image and EBIC map of an undamaged microrod on a damaged cut edge, 7 kV electron beam acceleration voltage. Despite the damages, the microrod produces a clear signal from the p-n junction area.

Fig

  Fig B.8. SEM images and EBIC maps of several microrods producing abnormal EBIC signal, 10 kV electron beam acceleration voltage.

Fig

  Fig B.9. SEM images (left) and EBIC maps (right) of vertically cleaved microrods, 4 kV electron beam acceleration voltage.

Fig B. 10

 10 Fig B.10. SEM images and EBIC maps of vertically cleaved microrods of the ITO-etched sample, 10 kV electron beam acceleration voltage and 15 kV electron beam acceleration voltage.

Fig B. 11

 11 Fig B.11 shows passivated microrods, Fig B.12 -ICP-etched.

Fig

  Fig B.11. SEM images and EBIC maps of the passivated microrods with the abnormal EBIC signal, 10 kV electron beam acceleration voltage.

  The studied structures consist of n-GaN/i-MQW/p-GaN 2D films grown on cplane sapphire by metal organic chemical vapor deposition (MOCVD). The growth was performed by the company NovaGaN. The active regions consisting of 25 pairs of In x Ga 1 -x N/GaN MQWs with indium content x = 0.15 (in structure A), 0.19 (in structure B) and 0.24 (in structure C) are sandwiched between 2 µm thick n-GaN ([Si] =5x10 18 cm -3 ) and 100 nm thick p-GaN ([Mg] =5x10 17 cm -3 ) (Fig XX). The QW and barrier thicknesses are reported in TableC.1. The total thickness of the active region is 320 nm.

Fig C. 1 .

 1 Fig C.1. (a) Schematic of the n-GaN/i-MQW/p-GaN solar cells structures and (b) cross-section HAADF-STEM image of 24 % In active region; red arrow points on a V-shape defect.

Fig C. 2

 2 Fig C.2. a) Room temperature PL spectra and (b) EQE of solar cells A, B, and C. Inset: Table shows the PL peak emission, FWHM and EQE peaks of the solar cells A, B and C.

Fig C. 3 .

 3 Fig C.3. Top view SEM image (left) and EBIC map (right) of a 15 % indium-rich solar cell, 5 kV (top) and 15 kV (bottom) acceleration voltage.

Fig C. 4 .

 4 Fig C.4. CASINO simulations of the beam interaction with 5/5 nm Ni/Au covered GaN at 5 kV and 15 kV acceleration voltages.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

III.1.2. Electro-optical characterization The electrical characteristics and the electroluminescence of the microrod LEDs were analyzed by another PhD student in our group, H. Zhang, with my assistance as a newcomer. The focus of my work was mainly on the EBIC characterization. Here I briefly summarize the main results and then focus on the EBIC studies.

  a lift-off. The ITO was annealed at 400 °C in H2/Ar atmosphere for 10 min to improve its conductivity. The central part of the mesa is left open while the perimeter is metalized with 10 nm / 150 nm Ti/Au for bonding and better current spreading. Fig III.1c shows a cross-sectional SEM image of a processed cleaved LED. The overview of the mesa is shown in Fig III.2.

	Fig III.2. SEM image in artificial colors of a processed 700 × 700 μm	2 mesa LED.
	The devices have shown rectifying diodic I-V characteristic displayed in Fig III.3a. The electroluminescence spectrum collected under 1.8 A cm -2 injection
	is shown in the inset of Fig III.3b. The room temperature emission is peaked at Microrod arrays have been processed into square mesa LEDs with a typical size varying from 300 × 300 μm 2 up to 3 × 3 mm 2 . The nanowire cores are contacted 420 nm with a shoulder at 490 nm.
	using the n-doped bottom 2D GaN layer. The microrods outside the mesas are
	etched by inductively coupled plasma using a Cl 2 /Ar chemistry. The bottom
	contact to the 2D GaN layer is defined by 10 nm / 30 nm / 10 nm / 200 nm
	Ti/Al/Ti/Au metallization. The top mesa surface is covered with a 200 nm thick ITO
	layer conformly deposited onto the nanowires using sputtering deposition (at
	room temperature with 80 W RF power and 7 mTorr deposition pressure)

and

  The AlN/Si interface then undergoes a long (3.5 hours) annealing at 800 °C during the growth of GaN NWs. It is likely that this procedure induces the diffusion of Al atoms deep into the Si wafer. Al diffusion in Si has been investigated in the literature[Kra2002],[Gal1995]. The small size of the Al atom leads to a rather high diffusion coefficient. Several micron penetration of Al into Si can be achieved for long annealing durations[Kra2002]. This Al diffusion induces a p-doping of the Si layer close to the surface and creates a p-n junction in the Si wafer[Gal1993], similar to the process used in Si solar cell manufacturing. The schematic of a tentative band profile illustrating this hypothesis is shown in Fig V.26.

  GaN nanowire arrays grown on Si substrates', 2016, Materials Science in Semiconductor Processing, doi: 10.1016/j.mssp.2016.03.002

	for k = 1:80
	overlap(kk, k) = overlap(kk, 162-
	k); end
	end
	for kk = 1:80
	for k = 1:161
	overlap(kk, k) = overlap(162 -kk, k);
	end
	end
	surf(X, Y, overlap)
	colormap(gray)
	shading interp
	colorbar
	end

Table C .

 C 1 summarizes structural characteristics and performances of the three cells.Table C.1. Structural characteristics such as the In composition in InGaN (x), thickness of In x Ga 1-x N wells (d WELL ) and GaN barriers (d BARRIER ), roughness obtained from AFM (RMS states for the root-mean-square characteristic value of the roughness) in addition to performances of 25-period InGaN/GaNMQWs solar cells; i.e. open-circuit voltage (V OC ), short-circuit current density (J SC ), fill factor (FF) and conversion efficiency ().

	Solar x	dBARRIER dWELL	RMS	VOC	JSC	FF (%)  (%)
	cell		(nm)	(nm)	(nm)	(V)	(mA/cm²)		
	A	0.24	8.3	2.5	5.6	0.81	0.56	35.6	0.16
	B	0.19	8.3	2.4	2.5	1.47	0.48	26.7	0.19
	C	0.15	4.8	2.2	1	1.66	0.65	49.6	0.52
	C.2								

EBIC analyses of InGaN/GaN multiple quantum well solar cells I

  made a top view EBIC experiment for two structures with 15 % of indium content for better understanding the active region quality. The top view EBIC map at 5 kV acceleration voltage represents a perfectly homogeneous signal, while 15 kV acceleration voltage measurements demonstrates some signal fluctuations with of a low magnitude (Fig C.3).

Author's publications (listed chronologically)

M Tchernycheva, V Neplokh, H Zhang, P Lavenus, L Rigutti, F Bayle, FH Julien, A Babichev, G Jacopin, L Largeau, R Ciechonski, G Vescovi, O Kryliouk, 'Core-shell InGaN/GaN nanowire light emitting diodes analyzed by electron beam induced current microscopy and cathodoluminescence mapping ', 2015 % creation of cylinder edges, meshes are 1x1 nm squares; edge1_x(1:ww, 1:h1) = 0d0; edge1_y(1:ww, 1:h1) = 0d0; edge1_z(1:ww, 1:h1) = 0d0; edge2_x(1:ww, 1:h1) = 0d0; edge2_y(1:ww, 1:h1) = 0d0; edge2_z(1:ww, 1:h1) = 0d0; edge3_x(1:ww, 1:h1) = 0d0; edge3_y(1:ww, 1:h1) = 0d0; edge3_z(1:ww, 1:h1) = 0d0; edge4_x(1:ww, 1:h1) = 0d0; edge4_y(1:ww, 1:h1) = 0d0; edge4_z(1:ww, 1:h1) = 0d0; edge5_x(1:ww, 1:h1) = 0d0; edge5_y(1:ww, 1:h1) = 0d0; edge5_z(1:ww, 1:h1) = 0d0; edge6_x(1:ww, 1:h1) = 0d0; edge6_y(1:ww, 1:h1) = 0d0; edge6_z(1:ww, 1:h1) = 0d0; % z-axis cycle; for j = 1:h1 % lateral plane cycle; for i = 1:ww % lateral assignment; edge1_x(i, j) = sqrt(3)*5d-1*ww; edge1_y(i, j) = -5d-1*ww + i; edge2_x(i, j) = sqrt(3)*5d-1*(wwi); edge2_y(i, j) = 5d-1*(ww + i); edge3_x(i, j) = -sqrt(3)*5d-1*i; edge3_y(i, j) = ww -5d-1*i; edge4_x(i, j) = -edge1_x(i, j); edge4_y(i, j) = -edge1_y(i, j); edge5_x(i, j) = -edge2_x(i, j); edge5_y(i, j) = -edge2_y(i, j); edge6_x(i, j) = -edge3_x(i, j); edge6_y(i, j) = -edge3_y(i, j); % z-axis assignment; edge1_z(i, j) = j; edge2_z(i, j) = j; edge3_z(i, j) = j; edge4_z(i, j) = j; edge5_z(i, j) = j; edge6_z(i, j) = j; end; end;

% top surface mesh is rhomb proportional to doubled top face; % calculation of top edges' length in nm; www = sqrt(w^2 + h2^2)*ww/w; % calculation of top face square in nm^2; Top_S = 5d-1*ww*sqrt(www^2 -25d-2*ww^2); % assignment of top mesh square; ms = 2*Top_S/ww^2; % top faces assignment; top_edge1_x(1:ww, 1:ww) = 0d0; top_edge1_y(1:ww, 1:ww) = 0d0; top_edge1_z(1:ww, 1:ww) = 0d0; top_edge2_x(1:ww, 1:ww) = 0d0; if ((gx-edge2_x(i, j))^2 + (gy-edge2_y(i, j))^2 + (gz-edge2_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + 1; end; if ((gx-edge3_x(i, j))^2 + (gy-edge3_y(i, j))^2 + (gz-edge3_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + 1; end; if ((gx-edge4_x(i, j))^2 + (gy-edge4_y(i, j))^2 + (gz-edge4_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + 1; end; if ((gx-edge5_x(i, j))^2 + (gy-edge5_y(i, j))^2 + (gz-edge5_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + 1; end; if ((gx-edge6_x(i, j))^2 + (gy-edge6_y(i, j))^2 + (gz-edge6_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + 1; end; end; end; % calculation of generation volume and top faces overlap; for j = 1:floor(ww/3d0) for i = 1:(1 + ww -j) if ((gx-top_edge1_x(i, j))^2 + (gy-top_edge1_y(i, j))^2 + (gz-top_edge1_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + ms; end; if ((gx-top_edge2_x(i, j))^2 + (gy-top_edge2_y(i, j))^2 + (gz-top_edge2_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + ms; end; if ((gx-top_edge3_x(i, j))^2 + (gy-top_edge3_y(i, j))^2 + (gz-top_edge3_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + ms; end; if ((gx-top_edge4_x(i, j))^2 + (gy-top_edge4_y(i, j))^2 + (gz-top_edge4_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + ms; end; if ((gx-top_edge5_x(i, j))^2 + (gy-top_edge5_y(i, j))^2 + (gz-top_edge5_z(i, j))^2 < sR) overlap(kk, k) = overlap(kk, k) + ms; end; if ((gx-top_edge6_x(i, j))^2 + (gy-top_edge6_y(i, j))^2 + (gz-top_edge6_z(i, j))^2 < sR)