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Introduction

A solar cell (SC) is a device which converts photons emitted by the Sun into an exploitable electrical current, thus generating an electrical power. For this purpose, several photovoltaic technologies have been developed in the last century, involving different physical phenomena, materials and geometries. Still nowadays, the research on solar devices is a large field, continuously expanding due to the need to optimize many aspects of the photoconversion, such as efficiency, production cost, aging, recycling and environmental impact. The ultimate purpose is to obtain a low cost and zero-emission electrical power through devices which are suited for the different applications in the everyday life.

The technology which dominates the PV market is based on inorganic semiconductors containing an electrical junction (with a large domination of silicon devices). For this reason, in Section 1.1, the basic photovoltaic principles of an inorganic semiconductor solar cell are discussed, from the detailed description of the electrical junction, which provides the driving force to collect the charges in an outer circuit, to the different loss mechanisms limiting the conversion efficiency. More detailed explanation of the phenomena described in this Introduction can be found in refs. 1,2 . These basic concepts are fundamental to understand the material requirements to develop high performance devices. Moreover, the limitations of the technologies present in the market nowadays are discussed. Among the several alternatives, the world record conversion efficiency has been demonstrated by III-V/Ge tandem solar cells; however, the complex fabrication and excessive cost limit their spreading into the market.

In this context, nanowires offer an elegant solution to produce low-cost and better-performing tandem solar cells, as discussed in Section 1.2. Thanks to their attractive properties, high efficiency solar cells can be fabricated and nanostructured tandem solar cell can be produced by direct integration of III-V nanowires on Si. The development of efficient nanostructured device can be achieved by optimizing the internal structures of the nanowires. For this purpose, standard characterization techniques are not suited since they average millions of nano-objects and nanoscale characterization techniques are needed. Electron beam-based characterization techniques offer the possibility to investigate the properties of individual NWs with nanometric resolution. In Section 1.3 electron beam induced current microscopy and cathodoluminescence analysis are described.

Basics of Solar Cells

A solar cell is an opto-electronic device, i.e. its working principle involves both optical and electrical phenomena. First, the extraction of the generated carriers by means of an electrical field of a p-n junction will be discussed in Section 1.1.1. Then, the absorption of photons and their conversion to electric charges (e -/h + pairs) is described with a particular focus on the material properties for an efficient photovoltaic conversion. Finally, the limitations of single junction devices are discussed by reporting studies from the literature and the advantages of a multijunction structure are highlighted.

Electrical principles of a solar cell

The physics of a p-n junction is based on the equilibrium state of doped semiconductor materials. A pure (intrinsic) semiconductor has the same density of electrons and holes, so that the Fermi level EF (indicating the energetic position where the Fermi-Dirac distribution f(E)= 0.5) is always found at the middle of the gap EF =Eg/2, where Eg is the semiconductor band gap.

When a semiconductor material is doped with acceptor or donor impurities, i.e. atoms which provides respectively holes and electrons to the electronic bands, the density of either electrons or holes increases, and a majority carrier type is established depending on the nature of the dopant specie. For instance, boron atoms (belonging to the III group in the Mendeleev table) act as acceptors when added to Si (belonging to the IV group) therefore increasing the density of the holes, which become the majority carriers. In this case, the material is p-doped, and electrons are considered as minority carriers. In the same way, if Si is doped with a donor element from the group V (commonly phosphorus), the material is n-doped, and the holes are minority carriers. By increasing the density of electron and holes in equilibrium conditions the Fermi level shifts from the midgap position towards either the conduction or valence band of the semiconductor (0a). As a thumb rule, the Fermi level is shifted towards lower energies in p-doped materials and towards higher energies in n-doped materials.

When p-doped and n-doped semiconductors are placed in contact, the majority carriers diffuse across the contact interface, called junction, due to a difference in the chemical potential (i.e.

difference in EF). The majority carrier diffusion across the junction promotes carrier recombination events due to a local compensation of the electron and hole density in an area close to the junction called depletion region. This name indicates that due to the carrier compensation, the carrier density in this region is lower than in the rest of the junction and thus it is depleted (0b).

a) Schematic of the conduction and valence bands for a doped semiconductor; b) Schematic of a p-n junction; c) Band diagram in the direction perpendicular to a p-n junction. In the inset, the equilibrium between drift and diffusion current is schematized; d) I(V) characteristic of a p-n junction. The effect of reverse and forward bias on the conduction band is shown. The bias direction is reported in the inset.

However, due to the presence of the ionized acceptors and donors, an electric field (called builtin field) arises across the junction. The built-in field acts on the minority carriers, creating a drift current (Idrift) opposite to the majority carrier diffusion current (Idiff). At the equilibrium Idrift = Idiff so the net carrier flux is 0. The equilibrium conditions are defined by the absence of chemical potential difference, i.e. no difference in the Fermi level in the two semi-junctions. Therefore, at the equilibrium the electronic bands across the junction is aligned as shown in 0c.

Electrical junctions have been extensively used in most of the electronic devices due to their ability to work as an effective electrical switch under bias. As shown in 0d, under reverse bias * , the energy difference between the two semi-junction increases. Therefore, Idiff is reduced and a dynamic equilibrium is established with a current equal to Idrift-Idiff. In this condition the current is given by the flow of minority carrier and therefore in ideal semiconductors is very weak. Since Idrift is not affected by the external voltage (until the breakdown voltage is reached), its value represents the maximum overall current that can flow into the system in these conditions (when Idiff=0). This value is called saturation current (Isat). It is to be noticed that in real semiconductors the defect density of the material can increase the saturation current value. While under reverse bias the current is limited to Isat, when a forward bias is applied Idiff is higher than Idrift and its values is exponentially increasing with the voltage due to the increase of majority carrier diffusion current.

A dynamic equilibrium between majority and minority carriers is the fundamental requirement to have a photovoltaic effect in inorganic solar cells. In fact, the photo-generation of e -/h + pairs affects the equilibrium conditions due to the drift and the diffusion of the carriers across the junction † (Figure 1.2a). It is generally assumed that the majority carrier density is not significantly affected by light absorption; therefore, the increase of the minority carrier density in both semijunctions induces a splitting of the Fermi levels for electrons and holes (quasi-Fermi levels) upon illumination.

Depending on the characteristic of the external electrical circuit connecting the two sides of the junction, two extreme cases can be distinguished. When the two sides of the junction are electrically connected, the minority carriers flow towards the junction and are extracted as majority carriers in the external circuit. When no resistance is present in the external circuit (so that there is no voltage difference between the n-and p-sides, Figure 1.2b)), the current collected is called short-circuit current (Isc). When no external circuit is connected to the junction, the carriers accumulation balances the drift current (i.e. no net current flow is present in the system) and therefore the energy difference in the quasi-Fermi levels of the majority carriers produces an electrical potential (Figure 1.2c) called open circuit voltage (Voc). * The reverse bias corresponds to a negative voltage and the forward bias corresponds to a positive voltage when the negative pole of the voltage source is connected to the n-doped semi-junction and the positive pole is connected to the p-doped semi-junction. This bias direction is represented in the inset of Figure 1.1d. † The diffusion of the excess carriers is discussed in more details in the next Section

a) Schematic representation of the band alignment in a dark (a) and illuminated p-n junction (b and c). EFp and EFn indicates the quasi-Fermi levels of the majority carriers in the p-and n-side of the junction; d) Equivalent electrical circuit for an illuminated p-n junction; e) Solar cell J(V) characteristic curve and P(V) curve. The most important points for the performance of a solar cell are indicated.

In a real photovoltaic device, the two sides of the junction are connected to a load (e.g. a resistance) which is receiving the photogenerated power. This situation is usually described by the equivalent electrical circuit shown in Figure 1.2d. and the overall current density flowing in the system is given by the equation: (1.1) where the current density generated from the photoconversion (Jph) is flowing in the opposite direction than the diode current and its collection is limited by a leakage current related to defects in the material. 

Equilibrium in dark Short-circuit under light Open Circuit under light

The resulting electrical characteristic curve is shown in Figure 1.2e, together with the corresponding power over voltage P(V) curve. Indeed, the electrical power delivered by a solar cell depends on the load connected to the system; however, to define the performance of the device, some characteristic parameters have to be considered. The Jsc and Voc, already mentioned, indicate the maximum current and voltage that can be provided by the solar cell. Moreover, they define the maximum power that could be delivered by an ideal device with a squared characteristic, i.e. able to deliver a current equal to Jsc at any V<Voc. In real device, this is not the case: the characteristic curve has a non-squared shape and the maximum power delivered is lower that Jsc*Voc.

The parameter that takes into account this difference is called fill factor (FF) and it is defined as:

𝐹𝐹 = 𝐽 𝑚𝑝 𝑉 𝑚𝑝 𝐽 𝑠𝑐 𝑉 𝑜𝑐 (1.2)
where Jmp and Vmp corresponds to the maximum power point current and voltage values.

These parameters allow to define the conversion efficiency of a solar cell (η) as:

𝜂 =

𝐹𝐹 𝐽 𝑠𝑐 𝑉 𝑜𝑐 𝑃 𝑖𝑟𝑟 (1.3) where Pirr is the irradiation power received from the Sun (typically considered as 1000 W/m 2 for terrestrial applications). As the name suggests, the so-defined conversion efficiency indicates the efficiency of the device in converting the Sun optical power into useful electrical power. The use of Jsc, Voc and FF to define the efficiency is convenient to individuate the limitation of the solar cell and hence to improve its performance. An example will be given in Chapter 2.

Optical losses and material requirements

While the collection of the generated carriers depends on the ability of a p-n junction to split the generated e -/h + pairs, the photon absorption depends mainly on the material properties and geometry.

In an inorganic semiconductor material, the photon absorption occurs across the band gap energy (Eg), which hence defines the spectral absorbance of the material: generally, photons with Eph > Eg are absorbed and photons with an energy Eph < Eg are transmitted. Therefore, the semiconductor band gap is a fundamental parameter which sets a cut-off energy for the exploitable part of the solar spectrum. The optical loss related to non-conversion of low energy photons is called transmission loss. Since the solar spectrum is peaked in the visible range at both AM0, i.e.

at the top of the atmosphere, and at AM1.5, i.e. at the sea level (as shown in Figure 1.3a), the band gap of semiconductor for conventional solar cells is usually below 1.5 eV.

For each absorbed photon, one e -/h + pair is generated in the conduction and valence band. At the first moment, the sum of their energies corresponds to the energy of the absorbed photon, which is larger than the bandgap and such carriers are called "hot carriers". However, the photo-generated carriers tend to reach the minimum energy into the bands (band edges) and thus they dissipate part of their energy through a process called thermalization. For this reason, it is usually assumed that in a conventional solar cell the charges are extracted at the band edges energy (except for hot carrier devices with energy selective contacts 3 ).

Besides transmission and thermalization losses, which depend only on the nature of the semiconductor material and on its band gap energy, other losses can occur once the photons are absorbed and converted in excess carriers. Common examples are the recombination of carriers which tend to reach the equilibrium condition defined by the Fermi distribution (unsuccessfully under a constant irradiation) by radiative emission or non-radiative phenomena 4 . All the processes are schematized in Figure 1.3b.

a) Solar spectrum at the top of the atmosphere (AM 0) compared to the blackbody spectrum at 5250°C and solar spectrum at the sea level; b) Schematic of the main processes occurring in a semiconductor material upon irradiation Due to the competition of these phenomena, when e -/h + pairs are generated in a photovoltaic device, the excess carriers either can be drifted apart or they can recombine with a radiative or non-radiative mechanism. Thus, considering the percentages of drifted carriers (D%), of carriers recombining with photon emission (R%) and without photon emission (NR%), it can be stated: D% + R% + NR%= 100% (1.4) This simple yet fundamental consideration highlights the role of the material quality since NR% is strongly dependent on the defect density. Thus, a defect-free material is expected to perform better than an equivalent defective one. Moreover, the role of the device architecture can be better appreciated from Eq. (1.4). For instance, in light emitting diodes (LEDs) quantum wells are used as recombination centers, i.e. trapping regions where injected carriers cannot be drifted apart and therefore, a high radiative recombination efficiency is achieved, as required for this type of devices. On the contrary, in solar cells the band bending created by the p-n junction is designed to reduce R% and thus maximize D%. Other worth-mentioning strategies used to minimize the net R% are the addition of back reflectors or surface texturing * . Although they do not change the fundamental mechanism of the radiative recombination phenomenon, they modify the reflectivity and/or induce a light trapping into the material, increasing the amount of reabsorbed emitted photons (it is to be noticed that NW arrays constitutes a natural light trapping layer).

The percentage of excited carriers that can be drifted apart is called internal quantum efficiency (IQE) and it represents the ability of the active part of the device to convert the excess carriers into electrical power. Taking also in consideration the absorbance of the material and the electrical losses occurring in the device elements necessary to extract the current (such as contacts and wiring), the external quantum efficiency (EQE) of the device can be defined. A more detailed information of the optical losses is given by the spectral external quantum efficiency which gives a spectrally resolved curve of the EQE. While the electrical losses are generally related to the electric elements and their coupling with the semiconductor part (Schottky contacts, contact and in-plane resistance, cabling impedance), the absorbance depends on the material absorption coefficient and its thickness and reflection losses (considering a given incident light irradiation).

The absorption coefficient depends on the probability that a photon interacts with an electron in the valence band promoting the formation of e -/h + pairs. Therefore, it varies with the photon wavelength (the probability increases when the photon energy is higher) and depends on the band * Surface texturing also induces light scattering which reduces the surface reflection and enhances the absorption.

structure of the semiconductor. From this, a fundamental thumb rule can be used to compare roughly the absorption coefficient in different materials: the absorption probability is higher in direct band gap materials than in indirect band gap semiconductors since in the latter case absorption is the results of a 3-particle interaction (photon, electron and phonon).

Although at first sight it may appear a detail, the different absorption coefficients of materials impact significantly the development of solar technologies. In fact, due to the lower absorption coefficient, indirect band gap material based solar cells require a larger thickness than devices made of a direct band gap semiconductor to achieve the same absorbance.

It is worthy to notice also that the same thumb rule can be applied to radiative recombination events, which are more probable in direct band gap semiconductors. Thus, generally, the lifetime of excess carrier is longer in indirect band gap semiconductor. The carriers' lifetime is related to the diffusive transport of the excess carriers in solar cells which is usually expressed by the minority carrier diffusion length (Ldiff) a parameter indicating the average distance a carrier can travel between its generation and recombination. It is usually defined as:

𝐿 𝑑𝑖𝑓𝑓 = √𝐷 𝜏 (1.5)
where D is the carrier diffusion coefficient in the specific medium and τ is the carrier lifetime.

Band energy structure for Si (a) and GaAs (b) (reproduced from ref. 5 ); c) Qualitative representation of the absorbance (blue curve) and the carrier diffusion (orange line) in the depth of the active material for Si and GaAs.

Ldiff is one of the most important parameters for a photovoltaic material since a large part of carriers generated at this distance from the depletion region can be collected in the outer circuit, as mentioned in the previous Section. For this reason, the collection volume is considered as: 𝑉 𝑐𝑜𝑙𝑙 = 𝐴 𝑗𝑢𝑛𝑐𝑡 * (𝑊 𝑑𝑒𝑝 + 𝐿 𝑑𝑖𝑓𝑓 ) (1.6) where Ajunct is the area of the junction and Wdep is the depletion region width.

To summarize, despite the specific material properties it can be generally said that indirect band gap materials are characterized by a larger absorption depth, but a larger collection volume while direct band gap materials have a smaller absorption depth and a smaller collection volume (as qualitatively displayed in Figure 1.4).

The balance of these two aspects gives rise to two concepts for the solar cell production: (i) bulk solar cells where the active part is made of Si, which is an indirect band gap material with Eg=1.12 eV and (ii) thin film solar cells made of a direct band gap material.

As previously mentioned, although their thicker active region, bulk Si solar cells can reach Ldiff of the order of 100 µm, thus achieving a very efficient charge collection. However, to reach such a large diffusion length, Si should be ultra-pure (solar grade Si) since impurities act as nonradiative recombination sites. This requirements increases the production cost of this technology since a purification process of the metallurgical grade Si (very cheap due to the element abundance on Earth) is required 6 .

Concerning thin film technologies, many materials are used (such as α-Si, CIGS, CdTe 7 ).

Among them, III-V semiconductors gain a particular attention due to their properties. In fact, III-V semiconductors are a large class of direct band gap material with a band gap energy ranging from 0.354 eV (in InAs) to 6.06 eV (in AlN). The wide band gap range, the high charge mobility and the possibility to combine materials, forming heterostructures or ternary and quaternary alloys, suit many requirements for the development of high performing devices. Therefore, this class of materials is of great interest not only for photovoltaic applications but also for many optoelectronic devices such as LEDs, transistors, lasers and photodetectors. The most remarkable example of the use of III-V materials for opto-electronic devices is the work of Amano, Akasaki and Nakamura who have been awarded with Nobel Prize in Physics in 2014 "for the invention of efficient blue light-emitting diodes "containing a GaN/InGaN active part. Concerning thin films solar cells, the III-V active material is a few µm thick, opposite to bulk Si solar devices whose thickness is in the order of few hundreds on µm. This has a strong impact on the economical aspect since the thinner active material decreases the cost of production of these devices. Moreover, at the present moment III-V solar cells achieved a higher conversion efficiency than Si-based ones (GaAs, 28.8% 8 ).

However, the actual market share of these thin film solar cells is mainly limited to space applications due to the expensive epitaxial growth required to obtain high quality III-V material.

Moreover, the c-Si solar cells production takes advantages of the optimized production process and of the development of dedicated electrical elements. For these reasons, nowadays Si solar cells dominates the PV market (<95% of the PV energy global production from Si based solar cells in 2017 9 ). However, due to the need to further push forward the conversion efficiency state of the art and to decrease the production cost at the same time, a new technological concept recently opened the way to a more extensive use of III-V compounds in the photovoltaic area: the tandem solar cell.

Tandem Solar Cells

Although several optical losses can limit the efficiency of a solar cell, some of them are considered fundamentals, i.e. they do not depend on the material quality or the device architecture but are intrinsically related to the photoconversion mechanism 4 . By taking in consideration these fundamental losses, Shockley and Queisser developed the so-called detailed balance * which defines the upper limit efficiency of a single junction solar cell [START_REF] Shockley | Detailed Balance Limit of Efficiency of p-n Junction Solar Cells[END_REF] .

The detailed balance is performed under the following assumptions:

• One e -/h + pair is generated for each photon with Eph>Eg;

• The carriers relax to form a Fermi distribution different from the one given at room temperature: the quasi-Fermi levels are separated by the electrochemical potential Δµ;

• The charges are extracted at a potential V= Δµ/e (i.e. no voltage loss);

• The losses due to spontaneous emission are taken into account.

In other terms, the fundamental loss processes taken in consideration are the photon transmission, the charges thermalization and the thermodynamic conversion loss (Figure 1.5a).

Considering the solar spectrum, a maximum conversion efficiency of 33.7% can be achieved by a material with an optimal band gap of 1.34 eV [START_REF] Rühle | Tabulated values of the Shockley-Queisser limit for single junction solar cells[END_REF] . In addition, this analysis indicates the limit efficiency as a function of the semiconductor band gap, as indicated in Figure 1.5b. For Si, the theoretical maximum efficiency is around 32.3%; for GaAs it is 32.6%. I note that for both materials, the record experimentally achieved conversion efficiency (26.7% for Si and 28.8 % for GaAs) 8 is close to the theoretical limit, witnessing the maturity of the existing PV technology. At the same time, it shows that little progress can be expected for the conversion efficiency of single bandgap GaAs or Si devices. Since the existing technologies approach the maximum theoretical limit and considering that in the optimal case this value is limited to less than 34%, several new concepts have been developed to overcome the Shockley-Queisser limit. Among them, the most effective approach has been the development of tandem solar cells (TSC), or multi-junction solar cells.

A TSC is a device that combines two or more semiconductor materials to reduce transmission and thermalization losses in the cell. By using materials with different band gaps, it is possible to convert efficiently a part of the solar spectrum in each junction. Therefore, the overall efficiency is strongly increased. A schematic of the basic principle is shown in Figure 1.6a. This type of technology is the most efficient today. The actual world record efficiency is held by a InGaP/GaAs/InGaAsP/InGaAs four-junction tandem solar cells which achieved an efficiency of 46% under Sun concentration [START_REF] Green | Solar cell efficiency tables (version 51)[END_REF][START_REF] Guiot | InP Based Engineered Substrates for CPV Cells Above 46% of Efficiency[END_REF] . The EQE of the record cell is shown in Figure 1.6b.

Despite the simple working principle of this technology, the realization of a tandem device is challenging since the performance of each junction is influenced by the others. For instance, from the optical point of view, the total absorption of each junction must be engineered in order to maximize also the absorption of the others in the corresponding spectral range and avoid optical losses (in the example in Figure 1.6b each junction converts energy in a well-defined wavelength ranges). The most complex aspect of the design of a TSC concerns the electrical coupling of the junctions. Being connected in series, the maximum voltage that can be extracted (assuming no voltage losses in the device) is the sum of the Voc of each junction. On the contrary, the current extracted from the device is limited by the lowest Isc produced by the junctions. Therefore, the maximum efficiency is achieved when the junctions generate the same short circuit current. This condition is called current matching. a) Schematic of the light absorption in a 3-junction tandem solar cell; b) EQE of a fourjunction TSC. The different colors account for the four junctions (from ref. [START_REF] Dimroth | Wafer bonded four-junction GaInP/GaAs//GaInAsP/GaInAs concentrator solar cells with 44.7% efficiency[END_REF] )

The current matching requirement highlights the importance of the electrical connection between the junctions. The most effective approach to obtain an efficient series connection involves the establishment of a tunnel current across the junction interfaces. Several strategies have been developed for this purpose. One of the most used techniques is the wafer bonding, a process to connect electrically different materials by means of a high mechanical strength. In this way no additional electrical element is added into the material since the junctions can be grown separately [START_REF] Tanabe | Directbonded GaAs∕InGaAs tandem solar cell[END_REF] . This approach decreases the defect density arising from the materials mismatching, resulting in a superior crystalline quality [START_REF] Dimroth | Comparison of Direct Growth and Wafer Bonding for the Fabrication of GaInP/GaAs Dual-Junction Solar Cells on Silicon[END_REF] .

Another approach is the use of an Esaki diode, which is a highly doped diode through which a tunneling current can flow [START_REF] Esaki | New Phenomenon in Narrow Germanium p -n Junctions[END_REF][START_REF] Guter | I-V Characterization of Tunnel Diodes and Multijunction Solar Cells[END_REF] . The working principle of this type of diodes is illustrated in Figure 1.7. At the equilibrium (V=0, panel A), EFn =EFp and thus no current is flowing. Under reverse bias, EFn < EFp so that the electrons can flow from the p ++ -side valence band to the n ++ -side conduction band (panel B). Under a weak forward bias, p-side EV > EFn > EFp and carriers can tunnel though the junction. The maximum tunneling current is obtained when the p-side EV > EFn or the n-side EC > EFp (panel C). Then the tunneling current decreases (panel D) until the conduction band edge in the n-side and the valence band in the p-side are aligned. The latter condition is achieved at the minimum of the Esaki characteristic. At a higher voltage, the current increases as for a regular diode. In the voltage range between the maximum and the minimum tunneling current a so-called negative differential resistance (NDR) is observed.

Band alignment and J(V) characteristic of an Esaki diode.

The complex design and high cost hinder a wide spreading of 3-and 4-junction solar cells in the market. A compromise between the conversion efficiency, the production cost and the design complexity is given by III-V on Si tandem solar cells. In these dual-junction devices the III-V junction can be integrated to enhance the performance of the existing mature Si technologies.

To maximize the conversion efficiency of III-V/Si solar cells, theoretical calculations have been done to estimate the optimal top cell band gap indicating that an efficiency around 38% can be achieved under AM 1.5G 1 Sun illumination with a 1.7 eV top cell energy gap [START_REF] Kurtz | Modeling of two-junction, series-connected tandem solar cells using top-cell thickness as an adjustable parameter[END_REF] (Figure 1.8a).

Since no binary III-V material exists with such a band gap value, the research on ternary alloys as solar materials have increased significantly due to the possibility to tune their energy gap with the composition. In particular, AlGaAs, InGaP, InGaN and GaAsP have been largely investigated aiming to integrate them on Si in the form of thin films with a suitable crystal quality and electrical properties. Several prototypes were demonstrated, achieving an efficiency of 32.8% [START_REF] Green | Solar cell efficiency tables (version 51)[END_REF][START_REF] Essig | Raising the one-sun conversion efficiency of III-V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF] .

However, recent reports demonstrate that at the present moment the control on the material quality of ternary alloys is still behind the maturity of the binary materials. Despite the non-optimal band gap, dual-junction solar cells with comparable performance can be fabricated using GaAs, due to the deeper knowledge of the material and wider expertise in the fabrication (cells structures are reported in Figure 1.8b) [START_REF] Essig | Raising the one-sun conversion efficiency of III-V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF] . a) Maximum theoretical efficiency for a III-V on Si dual junction (from ref. [START_REF] Kurtz | Modeling of two-junction, series-connected tandem solar cells using top-cell thickness as an adjustable parameter[END_REF] ); b) Structures of an InGaP/Si and a GaAs/Si tandem solar cells (from ref. [START_REF] Essig | Raising the one-sun conversion efficiency of III-V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF] ).

a)

b)

Nanowires solar cells

Nanowires (NWs) are filamentary crystals characterized by a diameter ranging from few tens up to a few hundred of nanometers and an aspect ratio of at least 10. They can be made of different materials, including insulators (e.g. SiO2,), semiconductors (e.g. Si, Ge, GaAs, InP, GaN, InAs, InSb, ZnO, TiO2) and metals (e.g. Ag, Au, Ni). The first report of semiconductor NW growth was given by Wagner and Ellis in 1964 [START_REF] Wagner | MECHANISM OF SINGLE CRYSTAL GROWTH[END_REF] : gold droplets deposited on the Si surface promoted the formation of whiskers, high aspect-ratio 1D structures. The theoretical model to explain the observed phenomenon was developed a decade afterwards by Givargizov [START_REF] Givargizov | Fundamental aspects of VLS growth[END_REF] , who describe the mechanisms involved in a "vapor-liquid-solid" (VLS) growth. Since then, the theory of VLS mechanism has been deeply investigated [START_REF] Duan | [END_REF][START_REF] Glas | Why Does Wurtzite Form in Nanowires of III-V Zinc Blende Semiconductors?[END_REF][START_REF] Dubrovskii | Growth kinetics and crystal structure of semiconductor nanowires[END_REF][START_REF] Cirlin | Self-catalyzed, pure zincblende GaAs nanowires grown on Si(111) by molecular beam epitaxy[END_REF] and still nowadays new discoveries are done [START_REF] Jacobsson | Interface dynamics and crystal phase switching in GaAs nanowires[END_REF] .

The interest in NWs aroused due to the observation of physical phenomena that are not accessible in bulk materials. Considering that no quantum effect occurs in NWs (unless quantum structures are incorporated), NWs can be considered as unconventional bulk systems where, due to the high aspect ratio, surface phenomena are strongly influencing the overall properties, forming a unique platform for experimental physics. In addition, during the 90's, the first NWs-based light emission device was demonstrated, indicating that in NWs "… electrical and optical properties suggest that ultrafine optoelectronic devices with quantum size p-n junctions are possible" [START_REF] Hiruma | Growth and optical properties of nanometer-scale GaAs and InAs whiskers[END_REF] . Since then, investigation of the NWs properties and material engineering oriented towards novel device development have walked along side by side.

Physical Properties of Nanowires

One of the first reports of the surprising properties of NWs has been the transition from the zinc-blende (ZB) to the wurzite (WZ) crystal phase in InAs and GaAs NWs [START_REF] Glas | Why Does Wurtzite Form in Nanowires of III-V Zinc Blende Semiconductors?[END_REF][START_REF] Yazawa | Heteroepitaxial ultrafine wire-like growth of InAs on GaAs substrates[END_REF] . Due to the different band gap energy of the two crystal structures, this evidence paved the way to the research in material band gap engineer. Nowadays, one of the major challenges in this field is the control of the electronic band structure of the Si NW to obtain a direct band-gap exploitable in Si NWbased photonic devices [START_REF] Nolan | Silicon Nanowire Band Gap Modification[END_REF] .

a) Schematic illustration of lattice mismatched interfaces during the NW growth, where the strain can be relaxed laterally, allowing 3D strain relaxation; b) Photocurrent mapping under 800 nm wavelength laser irradiation on a single GaAs NW demonstrating an absorption cross section 3 times higher than the NW footprint (adjusted from ref. [START_REF] Krogstrup | Single nanowire solar cells beyond Shockley-Queisser limit[END_REF] ); c) Diameter-dependent electrical channeling in GaN NWs due to the Fermi energy pinning at the surface(adjusted from ref. [START_REF] Calarco | Size-dependent Photoconductivity in MBE-Grown GaN-Nanowires[END_REF] );

The NWs growth mechanism plays a fundamental role not only concerning the crystal phase, but also because NWs can form low-defect density structures with superior crystal quality with respect to the bulk material [START_REF] Albert | Selective area growth of GaN nanostructures: A key to produce high quality (11?20) a-plane pseudo-substrates[END_REF] , providing them enhanced optical properties. In fact, due to their small diameter, these nanostructures are able to release the strain accumulated during the growth by an elastic deformation of the lateral surface [START_REF] Lewis | Anomalous Strain Relaxation in Core-Shell Nanowire Heterostructures via Simultaneous Coherent and Incoherent Growth[END_REF][START_REF] Singh | Raman scattering from Ge-Si core-shell nanowires: Validity of analytical strain models[END_REF][START_REF] Kavanagh | Misfit dislocations in nanowire heterostructures[END_REF] (Figure 1.9a). This property of the NWs is of great interest because it allows the combination of different materials (also with large lattice mismatch) in order to develop different technologies otherwise not possible in bulk [START_REF] Koester | M-Plane Core-Shell InGaN/GaN Multiple-Quantum-Wells on GaN Wires for Electroluminescent Devices[END_REF][START_REF] Li | Dopant-Free GaN/AlN/AlGaN Radial Nanowire Heterostructures as High Electron Mobility Transistors[END_REF] .

The optical properties of NWs are not only related to the crystal quality. For instance, it has been demonstrated that the optical absorption cross section of a single NW can be several times higher than its footprint [START_REF] Krogstrup | Single nanowire solar cells beyond Shockley-Queisser limit[END_REF][START_REF] Tian | Coaxial silicon nanowires as solar cells and nanoelectronic power sources[END_REF] (Figure 1.9b) enabling the possibility to form a low density NW array with high light absorption. Moreover, NW ensembles form a natural anti-reflective layer due to the reduction of the optical index mismatch and they also show light trapping phenomena [START_REF] Stelzner | Silicon nanowire-based solar cells[END_REF] . These properties are a great advantage in photovoltaic applications since the amount of active material can be strongly reduced in comparison to thin films, without affecting the optical absorption. It is worthy to mention also that the peculiar optical properties of NWs led to the engineering of single photon emission (SPE) from self-assembled high-quality quantum dot in NWs [START_REF] Heiss | Self-assembled quantum dots in a nanowire system for quantum photonics[END_REF] .

The nanoscale dimension of the NWs influences the electrical properties as well. In this regard, surface effects have a direct impact since a band bending towards the surface can occurs in III-V NWs due to the so-called Fermi energy pinning, arising from the presence of surface states [START_REF] Van Weert | Large redshift in photoluminescence of p-doped InP nanowires induced by Fermi-level pinning[END_REF][START_REF] Spicer | Fundamental studies of III-V surfaces and the (III-V)-oxide interface[END_REF] .

The radial band bending can create an annular depleted region close to the surface and thus a diameter dependent-conductive channel is formed in the center of the NW 31 (Figure 1.9c). This effect is used for the development of NWs transistors and photodetectors [START_REF] Rigutti | Investigation of the electronic transport in GaN nanowires containing GaN/AlN quantum discs[END_REF][START_REF] Ryu | Electrical characteristics of silicon nanowire transistors fabricated by scanning probe and electron beam lithographies[END_REF] .

One of the main disadvantages in NWs is that the large surface area introduces a high density of surface states, which acts as non-radiative recombination centers for free carriers [START_REF] Shockley | Statistics of the Recombinations of Holes and Electrons[END_REF] or as surface charged traps [START_REF] Schmidt | Influence of the Si/SiO2 interface on the charge carrier density of Si nanowires[END_REF] . Therefore, the internal quantum efficiency for both the radiative recombination (concerning LEDs, lasers and SPEs) and the carrier collection (concerning solar cells and photodetectors) can be limited by the surface recombination rate. Its overall effect on the NW properties is a reduced carriers' mean free path, carrier mobilities, lifetime and minority carrier diffusion lengths in comparison with their bulk counterparts [START_REF] Demichel | Impact of surfaces on the optical properties of GaAs nanowires[END_REF] . Several strategies have been developed to reduce the surface recombination rate. One of the most investigated approaches is to passivate the surface with a wider band-gap material. In this way, two beneficial effects are exploited: a saturation of the dangling bonds and the insertion of a potential barrier for electrons and (or) holes which decreases the carrier loss. An example that will be discussed in Chapter 2 is the passivation of GaAs core shell NWs structures with an AlGaAs outer shell. The use of this passivation shell led to electron mobilities approaching the bulk limits and carrier lifetime significantly improved in comparison with single GaAs NWs [START_REF] Demichel | Impact of surfaces on the optical properties of GaAs nanowires[END_REF][48][START_REF] Boland | Modulation Doping of GaAs/AlGaAs Core-Shell Nanowires With Effective Defect Passivation and High Electron Mobility[END_REF] .

Beside their unique physical properties, a major advantage of using NWs as building blocks for new generation devices relies on the possibility to explore new architectures thanks to their 3D nature. Indeed, the most part of devices needs (or benefits from) the presence of an electrical junction, a heterostructure or material insertions to achieve high performance. These elements can be embedded in NWs following two geometries, shown in Figure 1.10: axial or radial (or core/shell). In the first case, the internal architecture of the NW recalls the layering typical of standard thin film devices; in the second case, the radial direction is involved, and the active volume can be enlarged without increasing the total thickness. In addition, core/shell structure offers a natural interface for an effective surface passivation.

Both architectures have been largely explored, especially for the development of solar cells and light emitting diodes. In the case of solar cells, NWs containing a radial junction offers the possibility to decouple the directions of photon absorption (occurring axially) and charge collection (occurring radially) [START_REF] Kayes | Comparison of the device physics principles of planar and radial p-n junction nanorod solar cells[END_REF] . In NW LEDs the insertion of radial multiple quantum wells led to the fabrication of GaN/InGaN devices [START_REF] Koester | M-Plane Core-Shell InGaN/GaN Multiple-Quantum-Wells on GaN Wires for Electroluminescent Devices[END_REF][START_REF] Tchernycheva | Core-shell InGaN/GaN nanowire light emitting diodes analyzed by electron beam induced current microscopy and cathodoluminescence mapping[END_REF][START_REF] Zhang | Flexible Photodiodes Based on Nitride Core/Shell p-n Junction Nanowires[END_REF][START_REF] Zhang | Comprehensive analyses of core-shell InGaN/GaN single nanowire photodiodes[END_REF][START_REF] Tchoulfian | Direct Imaging of p-n Junction in Core-Shell GaN Wires[END_REF] , overcoming the limitation given by the spontaneous polarization field arising along the axial direction. In this Thesis, both NWs containing a radial junction and NWs containing one or more axial junctions are investigated.

Advantages and disadvantages of the internal structure will be described together with the experimental results.

Schematic of NW arrays with (a) an axial and (b) a radial architecture.

Nanowire Solar Cells

Beside their attractive properties, nanowires offer an elegant solution to several technological challenges in the field of photovoltaic devices. Their main advantage relies on the reduced amount of active material required in comparison to thin films, which can lead to a drastic decrease of the cell production cost. Another property that can be explored is the mechanical flexibility in a substrate-free device. As already reported for LEDs, NWs can be embedded in a polymeric matrix and detached from the substrate to form a flexible device [START_REF] Guan | Flexible White Light Emitting Diodes Based on Nitride Nanowires and Nanophosphors[END_REF] . This approach can lead to the development of inorganic ultra-flexible solar cells with a lifetime higher than 30 years, contrary to the flexible PV devices based on organic semiconductors, which suffer from severe degradation in time [START_REF] Jørgensen | Stability of Polymer Solar Cells[END_REF] . For these reasons, NWs solar cells have been widely investigated in the last decades with different materials and architectures.

For example, hydrogenated amorphous Si (α-Si:H) NW solar cells were fabricated with a core/shell structure, achieving an efficiency higher than 12% [START_REF] Togonal | Core-Shell Heterojunction Solar Cells Based on Disordered Silicon Nanowire Arrays[END_REF] (Figure 1.11a). With respect to conventional c-Si devices, α-Si is a low cost material and α-Si NWs can be grown at low temperature by PECVD on several substrates ranging from glass to metal foils [START_REF] Yu | Design and fabrication of silicon nanowires towards efficient solar cells[END_REF][START_REF] Misra | A review on plasma-assisted VLS synthesis of silicon nanowires and radial junction solar cells[END_REF] . Another important application of NWs in the photovoltaic area is the development of nanostructured tandem solar cells. As discussed in Section 1.1.3, tandem devices can boost the performance of a solar cell, reaching more than 30% efficiency. However, the thin film geometry limits the material combinations that can be used efficiently due to the defect density induced by the lattice mismatch among different layers. Moreover, the manufacturing of the developed prototypes is highly expensive and not suited for the mass-production. The cheap fabrication cost of NWs and their ability to release the strain via the lateral surface can be used to overcome these issues by designing NWs-on-Si tandem structures. The first theoretical work on such a structure was developed in 2011 by R.R. LaPierre [START_REF] Lapierre | Theoretical conversion efficiency of a two-junction III-V nanowire on Si solar cell[END_REF] . In this work, the optimal NWs parameters are evaluated for a top cell made of NWs containing a radial junction connected through a tunnel junction to a c-Si bottom cell (Figure 1.12a). LaPierre estimated that an optimal band gap energy for the NWs cell of 1.7 eV (as for planar devices) can lead to a conversion efficiency of 42.3% under a concentration of 500 Suns. This work gave a strong boost to the research concerning III-V ternary alloys NWs grown on Si. However, at the present moment no working prototype containing ternary alloy NWs has been demonstrated. The only prototype of a nanostructured TSC reported in the literature is made of a top GaAs NWs cell (with an axial junction) on a Si bottom cell [START_REF] Yao | Tandem Solar Cells Using GaAs Nanowires on Si: Design, Fabrication, and Observation of Voltage Addition[END_REF] [START_REF] Lapierre | Theoretical conversion efficiency of a two-junction III-V nanowire on Si solar cell[END_REF] ; panels b) and c) are taken from ref. [START_REF] Yao | Tandem Solar Cells Using GaAs Nanowires on Si: Design, Fabrication, and Observation of Voltage Addition[END_REF] .

b) a)

c)

Electron Beam Based Characterization Techniques

Standard characterization techniques for thin film solar cells can be used to assess the global performance of the devices, but do not give a full picture of the physical processes occurring in individual NWs. Therefore, the development of nanostructured devices could benefit from the use of nanoscale techniques able to characterize individual NWs and to investigate their properties [START_REF]Nanowires for energy applications[END_REF] .

In this Section, the nanoscale characterization techniques used during my Ph.D., namely electron beam induced current microscopy (EBIC) and cathodoluminescence (CL) are described. These are scanning probe techniques where an electron beam is used to probe the electrical and optical properties of a semiconductor material with a nanometric resolution.

When the electron beam interacts with the matter, inelastic scattering of the electrons occurs inside the material within a certain volume, called "interaction volume". The inelastic scattering phenomenon leads to the energy transfer from the electron beam to material. The recovery of the equilibrium state occurs by energy release in different forms (Figure 1.13a). The comprehension and control of the phenomena occurring due to the electron beam/matter interaction offer an insight on the material and can be used for developing characterization techniques. A common example of this principle is the detection of emitted secondary electrons (SE), which enabled the development of scanning electron microscopes; another example is given by the analysis of X-ray emission, which is the basic principle of electron dispersion x-ray spectroscopy (EDX). Moreover, since several phenomena occur upon a single irradiation exposure, multi-detection systems can be developed offering a comprehensive insight of the investigated object. An example is given in Figure 1.13b.

When an electron beam interacts with a semiconductor material, electron/hole pairs are generated in the samples, creating excess carriers which offer the possibility to investigate the properties related to the electronic bands of the material. Different models were proposed to describe the carrier generation in semiconductor materials under an electron beam irradiation. For a detailed analysis, please refer to works by Leamy [START_REF] Leamy | Charge collection scanning electron microscopy[END_REF] , Donolato [START_REF] Donolato | An analytical model of SEM and STEM charge collection images of dislocations in thin semiconductor layers: I. Minority carrier generation, diffusion, and collection[END_REF] and Pasemann [START_REF] Pasemann | A contribution to the theory of the EBIC contrast of lattice defects in semiconductors[END_REF] .

Contrary to the case of an optical excitation, the interaction with the electron beam occurs locally implying the possibility to probe the sample with a spatial resolution given by the lateral extension of the interaction volume. The penetration depth and the lateral extension of the interaction volume depend on the energy of the electrons and the attenuation properties of the material, such as the free electron and nuclear density. The properties of the electron beam can be tuned by two main parameters: the beam current (Ib), i.e the number of electrons per unit time that are injected into the material, and the acceleration voltage (Vacc), directly related to the energy of each injected electron.

In 2D materials, by increasing the acceleration voltage and thus the electron energy, a higher number of scattering events occur to dissipate this energy and thus the interaction volume is larger.

The overall effect is that the generated carrier density decreases for a given Ib (Figure 1.14a) because the interaction volume scales with the acceleration voltage faster than the generation rate [START_REF] Bunker | Development and Application of Electron Beam Induced Current and Cathodoluminescence Analytical Techniques for Characterization of Gallium Nitride-based Devices[END_REF] . MonteCarlo simulations can be performed to evaluate the electron trajectories and their energy distribution in the experimental conditions, thus determining the interaction volume extension. Figure 1.14b offers an example of the beam interaction with a bulk material where the penetration depth and the lateral extension can be estimated around 500 nm.

The relationship between the interaction volume extension and the acceleration voltage previously discussed is not always valid when probing cross-sectionally single NWs. In fact, due to their small diameter, under high acceleration voltage conditions the electron beam can be partially transmitted (Figure 1.14c), thus reducing the beam/sample interaction volume and increasing the resolution of the scanning techniques. Concerning the experimental work described in this Thesis, it can be generally considered that the beam is partially transmitted whenever Vacc is higher than 10 kV. The beam current has no critical impact on the interaction volume, but it strongly affects the measurements. In fact, due to multiple scattering events more than one e -/h + pairs can be excited per injected electron, obtaining a high local excess carrier density which can be even higher than the intrinsic charge density (or donor/acceptor density in doped semiconductors), which influences significantly the transport properties as pointed out by Cavalcoli and Cavallini [START_REF] Cavalcoli | Evaluation of diffusion length at different excess carrier concentrations[END_REF] . This situation, referred to as high injection regime, strongly affects the band structure of the sample. For this reason, the measurements are performed in conditions so that the generated carrier density is much lower than the equilibrium concentration (low injection regime).

The generated excess carriers can be used to study internal electric field, by electron beam induced current microscopy (EBIC), and the radiative recombination properties by cathodoluminescence (CL). In the following Sections the working principle and the experimental setup for these techniques are described and their use for the investigation of NWs will be discussed.

Electron Beam Induced Current microscopy

Electron Beam Induced Current microscopy is a probe scanning technique which enables the investigation of internal electric fields in semiconductor materials. The drift of excess carriers and their diffusion towards the internal field offers the possibility to extract a so-called "induced current" in an external circuit (Figure 1.15a), obtaining an insight on the electrical properties of the material. By scanning the electron beam on the sample surface, an EBIC map can be built where each pixel indicates the induced current measured when the electron beam was injected in that position. Due to the nanometric extension of the interaction volume (as previously discussed) EBIC allows to visualize and to analyze internal fields at the nanoscale.

Among the different scanning probe techniques, EBIC microscopy has been widely used in optoelectronics , and in particular solar cells, for more than thirty years [START_REF] Durose | Materials aspects of CdTe/CdS solar cells[END_REF] . In 2D solar cells, EBIC was used to probe the electrical activity of the devices with a high resolution, to extract material parameters and to detect failures induced by material defects depending on the configuration used during the measurements.

In EBIC microscopy two configurations are typically used, depending on the angle between the electron beam and the direction of the internal electric field: a planar (0°) and a transversal (90°) mode of operation. Intermediate configurations (0° <α < 90°) can be evaluated considering geometrical factors, however the extraction of material parameters is difficult.

The planar configuration (Figure 1.15b) is mainly used for defect analysis in thin films. Indeed, EBIC map of a defect-free sample shows a constant induced current independently of the position of the beam. An 1D defect appears in this configuration as a local decrease of the current [START_REF] Leamy | Charge collection scanning electron microscopy[END_REF][START_REF] Donolato | An analytical model of SEM and STEM charge collection images of dislocations in thin semiconductor layers: I. Minority carrier generation, diffusion, and collection[END_REF][START_REF] Pasemann | A contribution to the theory of the EBIC contrast of lattice defects in semiconductors[END_REF][START_REF] Blumtritt | Combined scanning (EBIC) and transmission electron microscopic investigations of dislocations in semiconductors[END_REF] indicating the defect position and the defect surface density can be estimated. Concerning NWs, this mode of operation can be used to assess the homogeneity of the wire-to-wire electrical properties in a fabricated device. In this case, a top contact is required on a large area. Since the top contact is influencing the shape of the interaction volume and the energy of electrons penetrating through the contact into the semiconductor, the contact material and thickness should be adjusted to find a compromise between a low resistance and low attenuation of the electron beam. In NW array devices, the top contact is usually made of transparent conductive oxides (typically ITO), which has a good optical transparency over a large spectral range, although it strongly attenuates the electron beam [START_REF] Bright | Review of Transparent Conductive Oxides (TCO). 50 Years Vac[END_REF][START_REF] Coutts | Transparent conducting oxides: status and opportunities in basic research[END_REF] . The transversal configuration (Figure 1.15b) allows a qualitative and quantitative investigation of the carriers' transport regime by analyzing the variation of the induced current in the direction perpendicular to the electric field. In the case of an electric field arising across a p-n junction, information about the space charge region extension (Wdep) and the minority carrier diffusion lengths (Ldiff) can be obtained. To achieve this configuration, the sample geometry must be taken into account. While NWs containing an axial junction can be investigated by scanning along their main axis, in the case of core-shell NWs (containing a radial junction) the NWs need to be cleaved perpendicularly to the axis, therefore exposing the junction to the electron beam [START_REF] Tchernycheva | Core-shell InGaN/GaN nanowire light emitting diodes analyzed by electron beam induced current microscopy and cathodoluminescence mapping[END_REF][START_REF] Zhang | Flexible Photodiodes Based on Nitride Core/Shell p-n Junction Nanowires[END_REF][START_REF] Zhang | Comprehensive analyses of core-shell InGaN/GaN single nanowire photodiodes[END_REF][START_REF] Tchoulfian | Direct Imaging of p-n Junction in Core-Shell GaN Wires[END_REF] .

The investigation of single NWs requires nanometric contacts to connect the individual nanoobjects to an external electrical circuit where the induced current can be detected. This step usually involves destructive processes, since the NWs need to be detached from the substrate, and time- and energy-consuming fabrication steps are required to realize nano-contacts by means of electron beam lithography [START_REF] Hultin | Comparing Hall Effect and Field Effect Measurements on the Same Single Nanowire[END_REF][START_REF] Lavenus | Experimental and theoretical analysis of transport properties of core-shell wire light emitting diodes probed by electron beam induced current microscopy[END_REF] . Although the resulting contacts are highly reliable, the contact resistance can be low and their fabrication can be very accurate (an example is given in Figure 1.15d), this method limits the number of NWs that can be investigated. In this context, in the last years many work has been reported in literature concerning the use of metallic tips to collect electrical outputs from individual NWs, as in the case of c-AFM analysis and KPFM microscopy [START_REF] Alvarez | Conductive-probe atomic force microscopy characterization of silicon nanowire[END_REF][START_REF] Hwang | Photocurrent Mapping in High-Efficiency Radial p-n Junction Silicon Nanowire Solar Cells Using Atomic Force Microscopy[END_REF][START_REF] Mikulik | Conductive-probe atomic force microscopy as a characterization tool for nanowire-based solar cells[END_REF][START_REF] Halpern | Direct measurement of surface states density and energy distribution in individual InAs nanowires[END_REF] . This is a high throughput method allowing to analyze a large number of individual NWs. For this reason, in the work described in this Thesis, the nanoscale contacts are provided by nanometric tips, as shown in In the setup used during my Ph.D., micro-or nano-manipulators are implemented into a Hitachi SU 8000 SEM chamber by means of a Kleindiek PS4 equipped with 100-nm tip radius tungsten tips (Figure 1.15d). This setup enables to contact single NWs without electron beam lithographic process both as dispersed and standing on a substrate. The use of the nano-manipulators results in faster and more flexible measurements, since the contact points can be easily changed. However, it is challenging to control the contact area and the contact resistance, which depends on the mechanical pressure applied, on the chemistry of the surface and on the work-functions of the semiconductor and of the metallic tip. This approach typically results in the formation of a Schottky barrier between the tip and the NW, which can perturb the measurement.

It is to be noticed that the same setup is used for single NWs I(V) measurements: in this case, the tips are connected to a Keithley 2636 source-meter coupled with a LabView acquisition software, with a measured noise level between 0.1 pA and 1 pA depending on the experimental conditions.

EBIC maps are usually performed under an external bias, applied by means of a Stanford SR560 pre-amplifier. The presence of an external bias can enhance the internal electric fields (or flatten the bands, depending on its direction) increasing the measured induced current and thus improving the current resolution of the measurement. This approach revealed to be very effective when many rectifying interfaces are present in the same structure since they can be selectively enhanced or flattened by applying an external electric field and changing the contact position.

EBIC maps are built by a Gatan DigiScan system, synchronized with the Hitachi SU-8000 SEM, which reads the amplified output signal. In this way the recorded current is associated to the position of the electron beam and an EBIC map can be constructed simultaneously with the corresponding SEM image.

The morphological information given by the SEM are important for the interpretation of EBIC maps. Moreover, SEM images can be used to study the variation of the secondary electron emission with applied bias. Generally, there are many parameters influencing the SE emission in solid materials, such as their density, roughness, electrical resistivity and electrostatic charging.

Concerning semiconductor materials, it has been found experimentally that p-doped semiconductors have an enhanced SE emission (resulting in a bright contrast) with respect to ndoped materials (resulting in a dark contrast) [START_REF] Perovic | Field-emission SEM imaging of compositional and doping layer semiconductor superlattices[END_REF] . Theoretical explanations for this experimental evidence are controversial in the literature. Sealy et al. [START_REF] Sealy | Mechanism for SE dopant contrast in SEM[END_REF] considered the ionization energy of SEs as a primary cause of the doping-related contrast. The authors stated that the SE energy lies in between the vacuum energy level for p-doped and n-doped semiconductors; therefore, the ionization energy difference (ΔE SEI ) for the two types of doping can be estimated to be ΔE SEI = 1/2Ebi, where Ebi is the built-in potential arising from the hypothetical p-n junction among the two materials. In this theory, the effect of the surface states is to reduce the ionization energy difference and thus reduce the SE contrast. Similarly, Volotsenko et al. [START_REF] Volotsenko | Secondary electron doping contrast: Theory based on scanning electron microscope and Kelvin probe force microscopy measurements[END_REF] proposed a theory based on SE emission yield and surface band bending extracted from KPFM measurements: in this work they associate the SE contrast to the SE energy distribution and effective electron affinity as a function of the doping level in good agreement with experimental data. More details can be found in the literature [START_REF] El-Gomati | Why is it possible to detect doped regions of semiconductors in low voltage SEM: a review and update[END_REF] .

Investigation of the SE doping-related contrast and enhancement of the contrast by application of an external bias led to the development of voltage-induced secondary electron contrast technique (VSEC) to localize the p-n interface by means of scanning probe techniques [START_REF] De Wolf | Status and review of two-dimensional carrier and dopant profiling using scanning probe microscopy[END_REF][START_REF] Venables | Quantitative two-dimensional dopant profiles obtained directly from secondary electron images[END_REF] .

Concerning the effect of the voltage on the doping contrast, the mechanism is not fully understood, but following the path of the theory by Sealy and Volotsenko [START_REF] Sealy | Mechanism for SE dopant contrast in SEM[END_REF][START_REF] Volotsenko | Secondary electron doping contrast: Theory based on scanning electron microscope and Kelvin probe force microscopy measurements[END_REF] , Narchi et al. found a good experimental correlation between KPFM measurements and SE contrast profiles at different applied biases [START_REF] Narchi | Surface potential investigation on interdigitated back contact solar cells by Scanning Electron Microscopy and Kelvin Probe Force Microscopy: Effect of electrical bias[END_REF] . The latter work is described in Annex B1.

The combination of EBIC maps and VSEC analyses is a powerful tool to investigate the electric field and the doping level across a junction, making these techniques suitable for nanoscale analysis of homo-junction and hetero-junctions, as well as of Schottky diodes and electrical inhomogeneities.

Cathodoluminescence microscopy

CL microscopy is a scanning probe technique which investigates the photon emission occurring due to the radiative recombination of the carriers excited by the electron beam. The energy of the emitted photons reflects the local band structure which may depend on the local composition, strain state or on the presence of quantum confining structures and shallow defects within the analyzed volume. The main advantages of CL with respect to the more standard photoluminescence analysis (PL) is the possibility to resolve variations of the optical properties at the nanoscale thanks to the narrow interaction volume and the capability of probing simultaneously the structure and the morphology of the system. Similarly to EBIC, CL allows to obtain an optical map of the investigated sample, where an emission spectrum is associated to each pixel.

To further improve the resolution, many variations of the SEM-CL technique have been developed, such as STEM-CL and TEM-CL. Using nanometric-thick lamellae of samples (obtained by FIB cutting) or NWs dispersed on membranes, the interaction volume is strongly reduced, leading to even higher resolutions (below a few nm) and lower heating effects and sample damage with respect to SEM-CL. The high energy of the electrons and the thinness of the sample needed for STEM (or TEM) structural characterization lead to a strong reduction of the interaction volume and of the amount of energy transferred to the material. In these cases, the spatial resolution of the technique is limited by the diffusion length of the carriers generated within the volume excited by the angstrom-sized electron probe. Due to the weaker electrons/sample interaction, heating is also reduced, along with the energy shift and spectral broadening of the CL emission.

CL techniques can also offer a time resolution (time-resolved CL, TRCL), achieved either by a fast beam blanking or by a pulsed photoemission. In the latter case, a pulsed laser is focused on the tip of the electron gun to enable the extraction of electrons by photoemission [START_REF] Merano | High brightness picosecond electron gun[END_REF] . As an example, electron pulses with a temporal width of less than 10 ps can be emitted with a interpulse time of 12 ns and an average beam current divided by three orders of magnitude as compared to the steadystate excitation.

Time-resolved detection should be synchronized with the pulsed laser. It can be done by timecorrelated single photon counting (TCSPC) using a single fast detector (photomultiplier -PM or avalanche photodiode -APD) or with a streak camera to record the full spectrum as a function of time.

CL techniques allow for the investigation of different properties of semiconductor nanostructures. The main application is the mapping of the optical transition energies and intensities [START_REF] Kociak | Cathodoluminescence in the scanning transmission electron microscope[END_REF] . Variations of these quantities can in fact be related to the presence of quantum confining heterostructures [START_REF] Zagonel | Nanometer Scale Spectral Imaging of Quantum Emitters in Nanowires and Its Correlation to Their Atomically Resolved Structure[END_REF][START_REF] Zagonel | Visualizing highly localized luminescence in GaN/AlN heterostructures in nanowires[END_REF][START_REF] Griffiths | Nanocathodoluminescence Reveals Mitigation of the Stark Shift in InGaN Quantum Wells by Si Doping[END_REF][START_REF] Tizei | A polarity-driven nanometric luminescence asymmetry in AlN/GaN heterostructures[END_REF][START_REF] Lim | Direct Correlation between Structural and Optical Properties of III-V Nitride Nanowire Heterostructures with Nanoscale Resolution[END_REF][START_REF] Tourbot | Growth mechanism and properties of InGaN insertions in GaN nanowires[END_REF] or to inhomogeneous composition and alloy fluctuations [START_REF] Pierret | Probing alloy composition gradient and nanometer-scale carrier localization in single AlGaN nanowires by nanocathodoluminescence[END_REF][START_REF] Pantzas | Role of compositional fluctuations and their suppression on the strain and luminescence of InGaN alloys[END_REF][START_REF] Pierret | Structural and optical properties of Alx Ga1-xN nanowires[END_REF] Synchronization of the photon detection with the electron-beam scanning results in hyperspectral CL maps in which a full spectrum is recorded for each pixel. SEM and EBIC images can be recorded simultaneously. The information obtained by CL is typically extracted in the form of energy filtered images. They are obtained associating to each pixel of the image the CL intensity integrated in a specific spectral range. In this Thesis, the images built by integrating the CL intensity over the entire detected spectral range are named "panchromatic CL maps". Indeed, they probe millions of these nano-objects simultaneously and thus the extracted information is averaged over the ensemble. In this Chapter, I want to show that a nanoscale analysis gives an insight into the physical properties of single NWs, which can lead to a better understanding of the properties of a whole array. Moreover, it will be shown that the optimization of nanoscale properties can lead to an improvement of the performance of the final device.

Radial Junction in

To introduce the investigated samples, Section 2.1 presents the basics of the NW growth by MBE and the description of the samples discussed in this Chapter. In Section 2.2 the electrical measurements on single NWs (EBIC, I(V) measurements) are reported and discussed. The results are analyzed by means of an equivalent circuit for radial junction which enables the estimation of the junction parameters for a single NW by fitting the experimental results with a numerical model.

In Section 2.3, the fabrication of the devices is described, and the investigation of the NW ensembles is reported. EBIC microscopy is used to assess the wire-to-wire homogeneity of the pn junction and to investigate the interface between the top contact and the NWs at the nanoscale.

In addition, power-dependent measurements under laser illumination are performed to study the photovoltaic properties of the different samples. Finally, measurements under solar simulator are performed to determine the photovoltaic parameters and namely the conversion efficiency of the samples by a standard technique.

Description of the samples

Basics of the nanowire growth by MBE

Molecular beam epitaxy (MBE) is an epitaxial growth process where one or more thermal beams of evaporated material impinges on a heated substrate under vacuum conditions 109 . From a thermodynamic point of view, this process corresponds to a phase transformation of the material from the vapor to the solid phase, occurring because the system tends to its equilibrium state by minimizing the total Gibbs free energy. The crystal resulting from this process is epitaxial, i.e. the crystalline overlayers grow with a specific orientation with respect to the substrate crystal orientation. The epitaxial growth occurs in ultra-high vacuum (UHV) and involves the exposure of the heated substrate surface to ballistic * atomic (or molecular) fluxes produced by Knudsen cells. The fluxes, through their absolute value and relative ratios, control the growth rate of the epitaxial structure, its composition and its morphology. Another key parameter of epitaxial growth is the substrate temperature, since it activates different physical phenomena which affect the atoms at the surface (i.e. absorption/desorption, diffusion, nucleation). The substrate temperature rules as well the kinetics of the growth process which, thus, can occur in conditions out of equilibrium.

Details on the MBE process can be found in refs. [110][111][112] .

Concerning the epitaxy of NWs by MBE, it can be promoted by liquid catalyst droplets which play a major role in the process acting as a reservoir for the adsorbed atoms (the so-called vaporliquid-solid growth). Different metals can be used as a catalyst, depending on the solubility of the atomic species in the process conditions. Concerning III-V materials, the most common are Au and Ga droplets, the last one being used for the growth of Ga-based alloys: in this case, the growth occurs following a self-catalyzed mechanism 113 .

In order to grow high quality 1D material for applicative purposes, many factors must be taken into account, such as the chemistry of the substrate surface, the surface distribution of the catalyst droplets, as well as their diameter distribution and many others. Being beyond the purpose of this thesis, the issues concerning the optimization of the structural quality of the NWs (defect density, crystalline phase, verticality yield, length and diameter distribution and so on) will not be discussed. Nevertheless, the comprehension of the growth mechanisms and of the material quality is a fundamental requirement for the understanding of the electrical and optical properties at the nanoscale. For this reason, in the next paragraph the growth and the structural characterization of the samples under investigation, both performed at INL (Lyon), will be described.

Description, growth and structural characterization

For the work described in this Chapter, several samples were grown with different materials and internal structure. All the samples contain NWs with a radial p-n or p-i-n junction grown on a p-doped Si substrate. The growth was carried out on an epi-ready Si(111) substrate, with a SiO2 surface layer whose thickness is estimated around 2 nm. The Si substrate was p-doped with boron with a resistivity in the 0.02-0.06 Ω•cm range.

Two groups of samples can be defined, depending on the material of the radial junction, and thus on the band gap of the active region. The first group consists of self-catalyzed NWs containing a core/shell GaAs radial junction (band gap at room temperature: 1.42 eV 114 ). All the samples have a p-doped core but they differ by the internal structure of the junction (p-n or p-i-n) and by the dimension of the core and of the internal shells.

The second group consists of self-catalyzed Al0.2Ga0.8As NWs containing a shell/shell radial junction (band gap at room temperature: ̴ 1.7 eV), grown around a p-doped GaAs core * .

The core is covered by a p-doped AlGaAs shell which belongs to the radial junction. In this way, the p-GaAs core acts as a connection channel between the substrate and the AlGaAs radial homojunction. Both p-n and p-i-n radial junctions are grown.

The NWs were grown as follows: one monolayer of Ga was deposited on the Si substrate covered with a surface oxide layer at 520 °C to form nano-droplets (the presence of the surface oxide layer is a necessary requirement to allow the self-catalyzed NW growth on Si, otherwise a highly defective 2D layer would be formed). Then the substrate temperature was increased to 610 °C to grow the NWs by opening the Ga and As4 fluxes. The GaAs core was grown for 10 minutes with As4 and Ga fluxes equal to 8.0 Å/sec and 1.4 Å/sec (quoted in units of the equivalent 2D growth rates of 2D GaAs layers measured by RHEED oscillations) 115 , respectively, and corresponding to a V/III flux ratio equal to 5.7. In order to obtain a p-doped GaAs, Be flux is used as a dopant, while n-doping of the shell is obtained with the addition of a Si flux. After the core growth, the Ga droplets at the top of the NWs were consumed by exposition to the As4 flux only The nominal internal structure of the samples and their morphological features are summarized in Table 2.1 and a schematic representation is shown in Figure 2.1. For the sake of clarity, the AlGaAs/GaAs passivation layers (which are the same in all structures) are not represented in Structural and compositional analyses have been systematically performed on the samples by TEM, HAADF-STEM, EDX and PL analysis. wurtzite (WZ) structure [START_REF] Jacobsson | Interface dynamics and crystal phase switching in GaAs nanowires[END_REF] . The shell structure is obviously varying from sample to sample.

GaAs/p-n(t) GaAs/p-n(T) AlGaAs/p-n AlGaAs/p-i-n p-Si p-GaAs i-GaAs n-GaAs p-AlGaAs i-AlGaAs n-AlGaAs

Nevertheless, in all samples an axial growth accompanying the shell formation can be observed with a length from 300 nm to 500 nm, depending on the thickness of the shells.

The EDX analysis shown in Figure 2.2b shows that the ternary alloy used for the passivation shell has an actual composition between Al0.52Ga0.48As and Al0.57Ga0.43As depending on the region, in any case, very close to the target value of Al0.5Ga0.5As. Finally, the HAADF-STEM image also gives information about the thickness of the different shells. As measured from the inset in Figure 2.2a), the passivating Al0.5Ga0.5As and GaAs shells are 15 nm-and 1.8 nm-thick, respectively. 

Single NWs characterization

The characterization of the electrical properties at the nanoscale level described in this Section consists of different steps: the measurements and analysis of the I(V) curve, the study of the current collection properties by EBIC microscopy and the fitting by numerical simulations to estimate the electrical parameters of an equivalent circuit.

For the sake of brevity and clarity, in this section the full characterization will be described only for the sample GaAs/p-n(t). After summarizing the main results, a brief overview of the analysis performed on the other samples will be given.

EBIC mapping and I(V) measurements

In this paragraph, the experimental results of I(V) measurements and EBIC mapping on single NWs are discussed. EBIC measurements were performed at 2 kV acceleration voltage and 38 pA injected current, measured by means of a Faraday cup. An external bias ranging from -1.5 V to +1.5 V is applied during the measurements. Sixteen different NWs were tested, chosen on different areas of the sample and the results here reported are representative of 87% (i.e. 14 NWs) of the investigated NWs. Due to the pressure exerted by the nanomanipulator, necessary to establish a stable electrical contact, NWs are typically slightly bended, as can be observed in the SEM images associated to the EBIC maps.

The I(V) curves show a diode-like behavior without external excitation (dark curve in Figure 2.3a), characterized by a negligible leakage current in the investigated reverse voltage range (below the sensitivity of our set-up). The diode opening voltage * is estimated around 0.75-0.9 V.

Using the electron irradiation as an excitation source, the induced current can be detected under zero or reverse bias, with a value around 0.60 pA, only weakly depending on the reverse bias. In this experimental conditions single NWs demonstrate a fill factor FF ̴ 40% (FF=32% in the example of Figure 2.3b). The present analyses show that the p-n junction is electrically active and can efficiently separate the generated carriers.

The homogeneity of the current generation in the p-GaAs core/ n-GaAs shell structure is analyzed by EBIC mapping as displayed in Figure 2.3c, d and e. Each panel shows an SEM image and a corresponding EBIC map at a fixed external bias. When a negative bias is applied (Figure 2.3c), the EBIC map shows a pronounced negative current induced by the p-n junction (appearing as a white contrast), consistently with the previously described I(V) curves. The direction of the current collection is consistent with the EBIC map of a standard thin film GaAs SC, as described in Annex A1.

Figure 2.3 a) I(V) curves of a single NW in the dark (black) and under electron beam exposure (red): the red letters indicate the bias conditions corresponding to EBIC maps shown in panels c), d) and e); b) Zoom of the I(V) curve: the red dashed line represents the interpolation of the experimental data acquired under electron irradiation; c), d), e) SEM images and corresponding EBIC maps

, respectively, at Vbias= -1.5 V, Vbias= 0 V, Vbias= +1.5V. On the right of each map, the grey coded current scale is displayed. In panel e, the black contrast is highlighted by a white circle. The collected current from the radial junction can be observed also without any applied bias (Figure 2.3d), even though the signal-to-noise ratio strongly decreases indicating the presence of a variable series resistance (possible arising from the Schottky nature of the tip to NW contact as discussed below). In this case, the detected EBIC current is comparable to the noise (around 0.12 nA). In forward bias (Figure 2.3e), the p-n junction becomes flattened and its signal disappears.

Only a weak EBIC signal of a positive sign (appearing as a black contrast, highlighted by a white circle in Figure 2.3e) is detected at the tungsten tip/NW interface indicating the presence of a Schottky contact. The band bending at the Schottky contact to the n-doped shell is expected to be upwards, i.e. opposite to the internal field in the p-n junction, consistently with the observation of the opposite sign of the induced current in the two cases.

To obtain a quantitative information on the current collection properties, it is possible to analyze the collected current as a function of the position by extracting the EBIC profile along the axis at -1.5 V bias (Figure 2.4).

In the top part, labelled as "I" in Figure 2.4, the collected current increases from the manipulator towards the substrate indicating a diffusive transport regime. This is consistent with the presence of an axial p-n junction formed due to the unavoidable axial growth on the NW top accompanying the shell formation, as discussed in the previous Section. The EBIC profile shows that the carriers can be collected efficiently also in this top segment despite the complex capping structure with a high density of stacking faults. The complex structure makes it difficult to estimate the minority carrier diffusion length in this region. Nevertheless, this result indicates that the carrier losses in the top part of the NW are not significant. Moreover, since the stacking faults are perpendicular to the wire axis, it is reasonable to assume that the diffusion length in the radial direction is not lower than the value along the axial direction. Since the NWs radius is around 40 nm, the observation of the diffusive transport over 100 nm axial top segment ensures that the diffusion length in the radial direction is also high enough to guarantee an efficient collection of the generated charges over the entire NW diameter. A detailed analysis on the radial excess carrier transport on similar NWs (reported in Annex A2) confirmed an efficient charge collection in the radial direction.

In the region labelled as "II" in Figure 2.4, it can be noticed a sub-exponential increase of the current towards the NW base, indicating that the transport regime is given by a combination of the diffusion (where an exponential increase is expected) and drift phenomena (where no increase is expected). For a homogeneous material, the extension of this region could be considered an experimental measure of the lateral extension of the electron beam interaction volume (and thus of the resolution of the EBIC maps) since it arises from the overlapping with regions with different transport regimes. Nevertheless, in the present case, it has to be considered that due to the complex structure, the shape of the interaction volume can be different for different excitation points.

The region labelled as "III" in 

I II III

This analysis is important because it allows to assess the material quality from the electrical point of view. In fact, a homogeneous collection of carriers is observed along both the p-GaAs segment grown via the VLS mechanism with a stabilized Ga droplet and the nominally undoped GaAs segment grown during the droplet consumption.

In addition, it is worthy to mention that no reduction of the EBIC current is observed in the vicinity of the interface with the substrate (green dashed oval in Figure 2.4). This would have been the case if the NW/substrate interface was subject to strong non-radiative recombinations due to poor crystalline quality close to the NW substrate. In fact, defects at the NW/substrate interface would lead to a reduction of the induced current in the wire towards the substrate. If parasitic defective crystals growing on the substrate close to the wire were electrically connected to its base, it would yield a similar EBIC reduction towards the base.

The constant EBIC current profile down to the NW/substrate interface ensures also a good quality of the p-n GaAs/SiO2 interface. The effect of non-radiative recombinations at the p-n GaAs/SiO2 interface has been theoretically analyzed by Maryasin et al. 118 . The authors showed that the non-radiative losses at this interface would lead to a strong decrease of the collected current and thus to a strong decrease in the overall efficiency of the devices. In the absence of a strong EBIC current variation near the interface, we can claim that this interface does not introduce additional losses within the EBIC sensitivity limit. Moreover, no parasitic EBIC signal is observed at the NW/p-Si substrate interface for any applied bias (as seen in Figure 2.3c-e). Considering both observations, it is likely that no electric field is present in the interface region independently of the applied bias. The band alignment between the p-Si and the p-GaAs eventually separated by a residual discontinuous SiO2 layer has not been analyzed in the literature. However, the present observations show that this interface has a good conductivity since it does not prevent the collection of the induced signal. We can conclude that there is no potential barrier at the NW core/substrate interface. In addition, this evidence is consistent with the low leakage current showed in the I(V) characteristic.

On the other side, it is possible to observe that the collected current is quite low (maximum ̴ 2 nA): the most likely explanation is that the radial extension of the collection region is limited due to a small diameter of the NWs. It is necessary to take this point into account for the design improvement (this was one reason for increasing the NW diameter in sample GaAs(p-n)/T).

Equivalent Circuit and Numerical Simulation

The estimation of the electrical parameters of a single NW can be obtained by fitting the single NW I(V) characteristics (in the dark and under electron exposure) and the EBIC profile. For this purpose an equivalent electrical circuit for core/shell NWs is here proposed, (it has been re-adapted from the Ph.D. thesis of Pierre Lavenus [START_REF] Lavenus | Experimental and theoretical analysis of transport properties of core-shell wire light emitting diodes probed by electron beam induced current microscopy[END_REF] ). The simulations enable the estimation of the electrical resistance of the core (Rcore) and of the shell (Rshell) separately since the I(V) curves contain information on the total electrical resistance and the EBIC profile contains information on the relative resistance of the core and the shell. Developing the model with a numerical simulation, the I(V) curves and EBIC profile can be fitted and the electrical parameters can be estimated. In this Section, the equivalent circuit is described and the main assumptions of the model are discussed. More details can be found in ref. [START_REF] Lavenus | Experimental and theoretical analysis of transport properties of core-shell wire light emitting diodes probed by electron beam induced current microscopy[END_REF] .

The simulation is based on a multi-diode equivalent circuit ( The position of the n-contact on the shell depends on the position of the manipulator tip on the NW. To reproduce the experimental conditions described in the previous section, the n-contact was placed on the top.

Due to the complexity of the experimental setup, some assumptions are needed:

• The electrical resistance is given only by the resistances of the equivalent circuit. This means that the model does not account for any resistance external to the NW (contact resistance, substrate resistance, set-up resistance and so on).

• No rectifying behavior is considered at the NW/substrate interface: even though the NW and the substrate form a hetero-interface, the absence of the EBIC signal at this position indicates that no rectifying phenomena occur.

• The Schottky barrier at the NW/tip interface is neglected. Neglecting an external rectifying element could lead to a difference in the junction parameters (Isat, n, Rsh) under irradiation.

The simulation enables the fitting of the I(V) curves acquired in the dark and under electron irradiation shown in Figure 2.6a and b, respectively. The experimental and simulated EBIC profiles along the NW axis are displayed in Figure 2.6c and d, respectively. The fitting parameters are reported in Table 2.2.

A good agreement between the experimental and simulated I(V) characteristics and EBIC profiles was found and the extracted parameters can be used to describe the electrical parameters of the NW. Comparing the diode parameters used to fit the I(V) curves in the dark and under electron beam irradiation, it is clear that the radial junction has good rectifying properties, described by a very low value of the saturation current (Isat <10 -13 A) and an extremely high shunt resistance ( ̴ 10 6 GΩ). These results are consistent with the low leakage observed at a single NW level. As discussed previously, this observation validates the absence of additional leakage at the NW/substrate interface, where the n-GaAs shell may come in contact with the p-Si substrate.

The estimated ideality factor n is quite high both in the dark and under electron beam irradiation. This is ascribed to the presence of a parasitic Schottky barrier at the manipulator/NW contact interface. Moreover, the variation of the ideality factor when the system is exposed to the electron flux is consistent with the modification of this Schottky barrier. The core and shell resistances extracted from the fitting are very high. Indeed, a simple estimation considering a cylindrical geometry and an overall mobility around 3500 cm 2 V -1 s -1

(estimated considering a doping level around 5*10 17 cm -3 both for the p-and for the n-parts) gives a total resistance of a few hundreds of kΩ. In addition, the total resistance value does not vary under electron illumination although one would expect a decrease of this value under irradiation conditions. These indications point out that the resistance extracted from the fit is not representative of the NW, but of some other elements of the electrical system. We suppose that this discrepancy arises from the high value of the contact resistance at the tungsten tip/NW interface due to the small radius of the manipulator tip used for the measurement. The analysis of the contact resistance is challenging since it depends on many parameters such as the surface Although the exact values obtained for the core and the shell may be questionable, the ratio between Rcore and Rshell is characteristic of the measured NW. Indeed, the slope of the EBIC profile is very sensitive to the relative variation of these two resistances: a difference between the resistance values leads to a decrease of the current along the length of the NW [START_REF] Lavenus | Experimental and theoretical analysis of transport properties of core-shell wire light emitting diodes probed by electron beam induced current microscopy[END_REF] 

Partial conclusions and characterization of the other samples

The discussed analysis on single NWs belonging to the sample GaAs/p-n(t) leads to important conclusions allowing to understand the electrical properties and to improve the NWs design for the final application.

The positive conclusions are surely predominant and can be summarized as following:

• The radial junction splits generated carriers and current can be collected very efficiently:

the I(V) curve in dark conditions indicates a clear diode-like behavior, negligible leakage current and induced Jsc and Voc can be measured under electron beam irradiation. The numerical simulation indicates that the junction has good electrical properties (low Isat, high Rsh);

• Current can be collected along the whole NW length, including the top capping layer indicating that losses at the top of the structure (where photon absorption is maximal) are low. In addition, current collection occurs homogeneously along the whole p-n junction: the radial architecture leads to an increase of the active area by 38 times with respect to an axial junction;

• The interface between the NWs and the substrate doesn't bring dramatic losses due to carrier recombinations and the radial junction and the substrate are well insulated. This conclusion is based on an efficient current collection in this area and on a negligible leakage current.

On the other hand, few other points have to be improved:

• EBIC current along the profile is quite low probably due to a limited extension of the collection region in the radial direction because of the small NW diameter;

• The simulation indicates a high value of the series resistance within the entire electrical circuit;

• A Schottky barrier at the tip/NW interface is observed and limits the range of our analysis (for instance, the ideality factor of the radial junction cannot be estimated).

Decoupling the origin of the last issues and defining how to improve the structure is not an easy task since the tip/NW interface is limiting the analysis. On the other hand, this interface is not relevant for the final device where the top contact is made of a different material and the contact area is much larger.

The strategy adopted to improve the global PV performance was to design a structure with a large diameter of the core to decrease the series resistance and to increase the radial extension of the collection region at the same time (samples GaAs/p-n(T)).

The junction was then reproduced in a shell/shell architecture made of Al0.2Ga0.8As in order to approach the optimal band gap value for a top-cell on Si (1.7 eV). Both p-n and p-i-n structures were grown and characterized (samples AlGaAs/p-n and AlGaAs/p-i-n). For both samples the level of n-doping in the passivation shell was increased to lower the Schottky barrier with the nanomanipulator.

Single NW I(V) curves and EBIC maps were measured on the entire set of samples to have a qualitative feedback on the variation of the properties due to the change of the internal structure, while the numerical estimation of the junction parameters was not performed, being extremely time-consuming.

Single NW EBIC maps at different applied bias are displayed for samples GaAs/p-n(T) and

AlGaAs/p-n in Figure 2.7a and b, respectively. Both structures show an efficient current collection along the whole length of the NWs under reverse bias (-1.5 V) and the presence of a Schottky barrier at the NW/tip interface under forward bias (+1.5 V). From these images, no noticeable difference with the case analyzed in the previous Section can be found. Nevertheless, EBIC maps acquired in short-circuit conditions (Vbias=0 V) can give an indication on the competition between these two opposite diodes. In fact, in both cases the EBIC signal is clearly associated to the radial junction and its intensity is higher than in the case of sample GaAs/p-n(t), indicating an improvement of the collection properties of the NWs with respect to the parasitic effect of the Schottky barrier. In particular, EBIC currents extracted in these experimental conditions are measured to be around 1 nA and around 20 nA for the samples GaAs/p-n(T) and AlGaAs/p-n, respectively. To analyze in more details the charge collection properties of the junction, the EBIC profiles for all the four samples are acquired at reverse bias (-1.5 V) in order to flatten the Schottky barrier.

Figure 2.7 SEM images and corresponding EBIC maps for single NWs belonging to sample GaAs/p-n(T) (a) and sample AlGaAs/p-n (b) at different Vbias; c) EBIC profiles along the NWs for the different samples under a bias of -1.5V (due to difference in the length, the position along the NW is expressed in percentage of the total length); d) I(V) curves in dark for typical single

The profiles extracted for each sample are shown in Figure 2.7b; since the length of the NWs varies from sample to sample, the position along the NW is expressed in percentage with respect to the total length. EBIC profiles show that the maximum current collected from GaAs junctions increases from ̴ 2 nA in the sample GaAs/p-n(t) (black curve) to ̴ 30 nA in the sample GaAs/p-n(T) (red curve).

This improvement is attributed to the enlargement of the core diameter which leads to a reduction of Rcore (and thus of Rs) and an increase of the collection region volume. The reduction of the core resistance is also responsible for the slight decrease of the EBIC current from the top to the bottom of the NWs 77 : since the core resistance got reduced, and therefore the shell has become more resistive than the core, the carriers generated at the bottom of the NWs are collected less efficiently than the ones generated at the top. However, it is worthy to notice that this is not a limitation for the final device where a top conformal ITO contact can be deposited to ensure an efficient collection all over the NW length.

The EBIC profile extracted from the shell/shell junction in the sample AlGaAs/p-n (blue curve)

shows the same features discussed for the sample GaAs/p-n(T). The maximum collected current is slightly lower ( ̴ 24 nA) attributed to the limited space charge volume offered by the shell/shell junction. Adding an intrinsic shell (in the sample AlGaAs/p-i-n) it was possible to enlarge the depletion volume and as a consequence the maximum EBIC current is found to be ̴ 30 nA.

To understand the effect of the variation of the structures on the electrical resistance, the dark I(V) characteristic of single NWs is displayed in Figure 2.7d. The curve acquired from sample GaAs/p-n(t) (in black) cannot be seen (it is very close to the horizontal voltage axis). This rescaled curve is reported in the Section 2.2.1. I(V) curves shows an increase of the forward current in the samples GaAs/p-n(T) and AlGaAs/p-n due to the decrease of the series resistance. On the other side, the sample AlGaAs/p-i-n presents a lower forward current due to the presence of the intrinsic shell which contributes to an additional resistance.

Characterization of the NW arrays

After the nanoscale analysis, the photovoltaic properties of the NWs are investigated at the device level. For this purpose, NW ensembles are processed in order to ensure a separate electrical access to the shell (top contact) and to the core (bottom contact) by the Ph.D. student Ahmed Ali Ahmed, who efficiently optimized the fabrication steps. To insulate the shell from the substrate the NWs were encapsulated in hydrogen silsesquioxane (HSQ) or benzocyclobutene (BCB) which provide a mechanical support for the top contact and an electrical insulation between the top and the bottom contacts. ITO is sputtered to form a top transparent contact. In sample GaAs/p-n(t) circular ITO contacts with ̴ 2.3 mm diameter were deposited through a shadow mask; in the other samples, the top contact was fabricated by depositing ITO squares with 300 µm and 700 µm lateral size after a lithographic step. In the latter case, an ITO lift-off and a second lithography is performed to deposit a gold frame improving the current spreading. This frame is opaque, and it reduces the transparent contact surface respectively to 0.08 mm 2 and 0.48 mm 2 , which will be taken into account later for the conversion efficiency measurements. A schematic of the processed sample is shown in Figure 2.8a and a SEM image of the ITO-contacted GaAs/p-n(t) sample is illustrated in Figure 2.8b. behavior can be observed in all samples consistently with the radial junction activity discussed in the previous Section. The leakage current measured under reverse bias is much more significant in the array than for single NWs. This may be due to the presence of NWs with a deficient p-n junction (e.g. with an incomplete coverage of the shell leading to a strong leakage), which were not probed in single wire analyses, but which contribute to the current in a macroscopic device.

To get a better insight into the properties at a macro-scale and on their variation in samples with different internal structure, in this Section the characterization of the devices will be discussed with different focus points.

In 

Top contact analysis

The electrical properties of the ITO/NWs interface have been investigated by EBIC mapping.

All EBIC measurements were performed using the same set-up described in the previous Sections.

However, due to the electron-shielding effect of the top ITO contact a more energetic beam has been used to penetrate through the ITO and probe the NWs underneath (10 kV acceleration voltage and 625 pA injected current). No external bias was applied.

EBIC maps before annealing present both negative (black) and positive (white) electrical signals, indicating the presence of diodes with opposite orientations (Figure 2.9a). For the positive signal, the direction of the induced current flow is consistent with a signal of the radial junction. It is observed that the black signal is strongly localized while the white one is diffused over the whole surface, except for a few NWs presenting a localized white signal. The secondary electron (SE) contrast for these anomalous NWs is lower, which likely shows that their top part was broken. The comparison between the SE and EBIC profiles shows that the localized black signal coincides with the position of the NWs, while the diffuse white signal is progressively increasing when approaching the NWs. Since in EBIC mapping the signal is collected from an area where the interaction volume overlaps with the internal field region [START_REF] Leamy | Charge collection scanning electron microscopy[END_REF] , the different localization of the two signals on the sample surface and the absence of any rectifying element other than the NWs suggests that the electrical signals originate from the NW regions located at different depths (see illustration in Figure 2.9c schematically showing the interaction volume). In fact, the white signal is collected immediately outside the NWs and its intensity is increasing when the beam approaches the NWs, which indicates that it originates from a larger depth from the top surface (where the interaction volume is broadened) than the black signal which, on the contrary, is strongly localized at the NWs position.

This analysis is consistent with the attribution of the positive signal to the radial p-n junction.

In turn, the presence of a Schottky barrier at the NW/ITO interface induces a band bending in the opposite direction than the built-in field of the radial junction and therefore yields a negative signal.

By analyzing low magnification EBIC maps, the percentage of NWs containing an active radial junction (i.e. producing a positive EBIC signal around their periphery) has been evaluated. In different regions of the array it is estimated around 55 ± 4.5%. On the other side, the percentage of NWs producing a negative signal from the Schottky barrier with the top contact is higher (around 80%), suggesting that some of the contacted wires do not have an active p-n junction, which may be attributed to some fluctuations of the environment (e.g. shadowing effect 121 ) in a spontaneously grown NW ensemble. This may also explain the high leakage observed in NW arrays.

The presence of a Schottky barrier at the interface with the top contact is surely a limitation for the performance of the device. In order to reduce this deleterious effect, contact annealing was performed and its impact on the Schottky barrier was investigated by EBIC mapping.

Thermal treatment of ITO films is expected to bring a significant reduction of the resistivity and an increase of the optical transmittance (as reported for annealing in a non-oxidizing environment at T > 300°C 122 ).

The sample was annealed at 400°C for 10 minutes under Ar/H2 flux in a rapid thermal annealing oven. EBIC measurements were performed on the same sample, before and after annealing; to have comparable results, the same electron beam conditions (10 kV acceleration voltage and 625 pA injected current) were used in both cases. No external bias was applied.

Results are displayed in Figure 2.10. As previously discussed, before annealing (Figure 2.10a) the signal of the Schottky barrier is dominant on the scanned surface. Before annealing, the weighted average current on the scanned area is around -13 nA, and the current variation corresponding to the p-n junction is in the order of a few nA. After annealing (Figure 2.10b) the average current value becomes 7.9 nA, indicating a strong improvement of the electrical properties of the GaAs/ITO interface. This effect can be ascribed to a reduction of the work-function of the ITO films due to the annealing in non-oxidizing environment 123 .

The overall effect of the thermal treatment on the NW array is summarized by the histograms in Figure 2.10c where the recurrence of the measured EBIC current for different pixels of the map is plotted together with the average current before and after annealing. By comparing the histograms obtained before and after annealing (respectively black and red curves), we can see that the current generated at the Schottky barrier is lower in absolute value (changed from -20 nA to -6 nA at the peak). Moreover, the signal associated with the p-n junction is strongly enhanced in intensity and distribution on the area. In fact, it is possible to observe that before annealing the current generated by the p-n junction is peaked at -8.8 nA. This negative value indicates that the Schottky barrier not only impedes the collection of the carriers generated from the junction, but that carriers generated at the Schottky contact are predominant. 56

After annealing, this peak is shifted to 10.6 nA, indicating that the current produced by the p-n junction is dominant with respect to the parasitic Schottky current. We can notice also that the relative height of the peaks is largely different before and after annealing, indicating the increase of the number of NWs presenting a dominant current generated in the p-n junction. In other terms, this measurement shows the dual effect of the thermal treatment: decreasing the parasitic current generated at the Schottky contact and decreasing the number of NWs, from which the collection is limited by the ITO interface.

Measurements under solar simulator

The photovoltaic properties of the samples were evaluated by performing measurements in dark conditions and under solar irradiation. An Oriel LSC-100 small area Sol1 (ABB rated) solar simulator was used to irradiate the samples with an AM1.5G filtered solar spectrum (Figure 2.11).

The samples were mounted on a probe station equipped with two tips and I(V) curves were recorded with a Keithley 2636A source-meter driven by a Labview software. The external quantum efficiency (EQE) was also evaluated by measuring the spectrally-resolved photocurrent under monochromatic irradiation obtained by a Xe lamp, whose intensity was used as a reference. 

a) b)

The measurements were performed on 0.08 mm 2 and 0.48 mm 2 area mesas for all the devices, except for the sample GaAs/p-n(t) which contains only 4.15 mm 2 large devices. Due to the inhomogeneity of the process on such a large surface, the active area in this sample does not correspond to the total surface of the contact but is estimated to be 1.11 mm 2 by low magnification EBIC mapping (not shown).

The J(V) characteristic curves in dark conditions and under AM 1.5G 1 Sun are reported respectively in Figure 2 The Rs variation in different samples provides an insight to the devices structure. As expected, the fabrication process affects the series resistance: comparing the two GaAs/p-n samples, a lower Rs is estimated for the device fabricated through the lithographic process. However, also the internal structure of the NWs appears to influence significantly the series resistance at the macroscopic scale. The values in Under solar irradiation all the devices exhibit a photovoltaic activity. Plotting the solar cell characteristics of the different samples (Figure 2.12b), many interesting points can be observed:

• In sample GaAs/p-n(t) the lowest short-circuit photocurrent density (Jsc) is measured, probably due to the defective fabrication process, previously mentioned;

• The characteristic curves of the GaAs/p-n(T) and AlGaAs/p-n samples strongly overlap;

• Sample AlGaAs/p-i-n exhibits the highest Jsc and Voc values.

From these curves, the PV parameters of each sample were evaluated. The results are summarized in Table 2.4. * Although the efficiency values are poor, these data prove the progressive improvement from η=0.021% for core/shell GaAs NWs to η=0.3% for GaAs/AlGaAs NWs obtained by optimizing the properties of individual NWs. In addition, it can be noticed that for all the devices, the efficiency is strongly limited by the fill factor (FF) due to the non-optimized fabrication process (FF is strongly affected by the contact properties). An estimation of the efficiency loss related to the FF will be given in the next Section.

The spectral EQE was measured for each sample, as reported in Figure 2.13. From these curves, the absorption band edge is estimated around 1.415 eV for the GaAs/p-n(T) device and around 1.58 eV and 1.55 eV respectively for the devices AlGaAs/p-n and AlGaAs/p-i-n. It is to be noticed that the estimated absorption edge is really close to the expected value for the sample containing the GaAs p-n junction (1.424 eV). However, the comparison of these curves offers an independent confirmation of the superior PV quality of the AlGaAs/p-i-n sample which presents a homogeneous EQE (equal to 17±2%) on a large spectral range (450-750 nm). On the contrary, the other samples exhibit a much lower EQE (around 5%) characterized by a sharp resonant reduction down to EQE=0% around 450 nm. 

a) b) c)

To investigate the unexpected presence of these dips, EQE spectra were recorded on different devices belonging to the same sample (also in different days, repeating the calibration steps more than once) to exclude any experimental error.

Surprisingly, each sample shows a peculiar behavior:

• In sample GaAs/p-n(T), the spectral position of the minimum is not constant along the surface; it varies from 440 nm to 530 nm. Contextually to the red-shift of the minimum, the EQE at higher energy decreases significantly.

• In sample AlGaAs/p-n, the EQE reduction occurs sharply at 440 nm in all the investigated devices; the EQE is highly reproducible.

• In sample AlGaAs/p-i-n no minima are observed and the EQE spectra is highly reproducible all over the surface.

Although ITO could affect the device EQE due to its optical absorption, it is not expected to give such a spectrally localized reduction 125 . Moreover, the device fabrication is the same for all the samples. Therefore, it is reasonable to assume that these unexpected EQE spectra are related to physical phenomena occurring in the GaAs and AlGaAs NWs.

To explain this behavior, many hypotheses were taken in consideration. For example, the modulated spectral absorption as a function of the diameter has been reported in the literature for GaAs NWs [START_REF] Krogstrup | Single nanowire solar cells beyond Shockley-Queisser limit[END_REF]126 . In addition, an analytical model predicts an influence of the periodicity of the NWs array on the modulated absorption 127 . However, in self-assembled samples the diameter values dispersion among different NWs and the random positioning of the NWs on the substrate would hinder this modulation and only an average effect may be expected. Similarly, Fabry-Perot interferences appear unlikely in the present case. Fabry-Perot interferences have been also reported in NWs, which act as a cavity for the light bouncing between the top and the bottom facets of the wire 128,129 . However, the length of the NWs is varying by hundreds of nm from wire to wire, thus no interference is expected.

Since no further investigations were performed, no comprehensive explanation of this phenomenon can be given at this stage.

Irradiance-dependent measurements

It is important to analyze the behavior of the devices under a high-power irradiation in view of the potential use of III-V/Si NW tandem cells under solar concentration. The work reported here was being performed together with Dr. Lorenzo Mancini and the Ph.D. student Arnaud Jollivet, who I'd like to thank for their collaboration.

The variation of Jsc and Voc as a function of the irradiation power is largely discussed in literature for Si-based bulk and for III-V thin film SC 124,130-132 . The generalized Shockley equation for an illuminated solar cells diode can be written as:

𝐽 = 𝐽 𝑖𝑙𝑙𝑢𝑚 -𝐽 𝑠𝑎𝑡 [𝑒𝑥𝑝 𝑞(𝑉+𝐽𝐴𝑅 𝑠 ) 𝑛 𝑘 𝑏 𝑇 ] + (𝑉-𝐽𝐴𝑅 𝑠 ) 𝑅 𝑠ℎ (2.1)
where J is the current density, Jillum is the generated photocurrent density, Jsat is the saturation current density, V is the external bias, A is the device area, Kb*T/q is the thermal voltage, Rs the series resistance and Rsh is the shunt resistance 124 .

Despite its complex form, Eq.(2.1) is highly versatile. In the case of a device where Rs and the leakage current are negligible, it can be considered in a more simplified form:

𝐽 = 𝐽 𝑖𝑙𝑙𝑢𝑚 -𝐽 𝑠𝑎𝑡 [𝑒𝑥𝑝 𝑞𝑉 𝑛𝑘 𝑏 𝑇 ] (2.2)
Both forms described the dependence of the current density with the external bias, but they state no dependence on the irradiation power. However, for Si devices, it is established in literature a linear dependence of the photogenerated current density on the irradiation power that can be expressed as:

𝐽 𝑖𝑙𝑙𝑢𝑚 = 𝐾 𝑃 * 𝑃 𝑖𝑟𝑟 (2.3)
where KP is a proportionality constant and Pirr indicates the irradiation power density. In order to study experimentally the variation of PV performance with irradiation of the NWs SC described in this Chapter, the set of samples was characterized under a green laser (514 nm) exposure. The measurements were performed in a probe station equipped with 4 probes driven by mechanical micro-positioning. Two points were placed on the top and the bottom contacts and the laser beam was sent incidentally to the sample surface using one spatial filter, two collimating lenses and two deflecting mirrors. The overall power loss along the optical path was measured to be 22.7% so that the incident laser power on the sample was estimated as the 77.3% of the initial laser power. These measures were performed using a Newport 843-R power-meter. The laser spot was measured using a micrometric blade as a spatial filter reproducing the experimental conditions outside the probe station. By plotting the transmitted laser power as a function of the position of the blade, an error function was used to fit the cumulative transmitted power (Figure 2.14a).

The light power (Plaser) along the diameter of the laser spot is extracted deriving the error function, obtaining a Gaussian spatial distribution of the laser power density (Figure 2.14b); the spot diameter is evaluated as the region where light power decreases down to Plaser(max)/e 2 , corresponding to a cut-off close to the 13.5% of the maximum light power.

The evaluation of the spot dimensions, shown in Figure 2.14b yields a laser spot diameter of 0.78 mm, almost coinciding with the lateral side of the 700 µm fabricated devices (the spot overlap with the device is represented in the inset of Figure 2.14b). The area irradiated with the laser is estimated to be around 95% of the whole device surface while only a small part of light is lost outside the device (this situation corresponds to an optimal overlap that we could obtain between a round spot and a square device). In the following text, the irradiation power density (Pirr) will be expressed in terms of equivalent Suns (i.e. with these notations 1 Sun refers to a monochromatic laser power density of 100 mW/cm 2 ).
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In addition to the samples under investigation, a thin film GaAs SC (with the following parameters under solar illuminator: Jsc= 5.68 mA/cm 2 , Voc=758 mV, FF=49.7%, η=2.14%) is characterized in the same setup, providing a reference to the analysis. Details on the structure and properties of this thin film GaAs SC can be found in Annex A1. Surprisingly the reference thin film GaAs SC does not follow the expected logarithmic trend, described in Eq.(2.5). On the contrary, all the NW devices exhibit a logarithmic dependence on Pirr up to 3 Suns (Figure 2.15b) which enables the estimation of the ideality factor and the saturation current under irradiance (reported in Figure 2.15b) . Measured ideality factor values are highly consistent with the ones reported in Table 2.3, while a general increase of saturation current values is observed in these experimental conditions. In addition, it can be noticed that samples containing a GaAs junction maintain the logarithmic trend over the whole investigated irradiance range, while samples containing an AlGaAs junction are characterized by a sub-logarithmic variation at high power density. This observation suggests that the GaAs/AlGaAs radial interface between core and shell could limit the Voc in cells under concentration. The Jsc (Pirr) plots gives a much better insight into the physics of the devices. As predicted by Eq.(2.4), the thin film GaAs SC exhibit a linear dependence with the irradiation power in the whole measured range (up to ̴ 100 Suns) and the constant KP (Figure 2.15c) can be estimated.

It is to be noticed that since a monochromatic source is used, the KP value is strongly dependent on the EQE at 514 nm and thus does not offer any information on the overall conversion efficiency of the device.

The Jsc(Pirr) for the NW SCs is reported in Figure 2.15d (for small powers) and 2.15e (over the whole range). For these samples, a linear dependence is found at a low irradiation power density (Pirr ≤ 1 Sun). In this range, KP can be defined for all samples ranging from 17.7 to 76.8 mA/W.

However, as Pirr increases, a strong deviation from the linear trend can be observed (Figure 2.15e).

The Jsc over KP *Pirr percentage ratio (Figure 2.15f) allows to estimate the deviation of the measured values from the case described by Eq. (2.4). By plotting it as a function of Pirr, it can be noticed that a deviation occurs systematically and with a similar trend in all the samples, except for sample GaAs/p-n(t), where this deviation appears stronger. This behavior suggests that the resistance related to the fabrication process could be responsible for the sub-linear Jsc(Pirr) curves (as discussed for Figure 2.12).

In addition to Jsc, the FF is found to affect dramatically the performance of the devices. In the case of the thin film GaAs SC, the FF(Pirr) plot (Figure 2.16a) has a monotonic increasing trend as expected from the literature. This is not the case for the NW devices (Figure 2.16b) where very low FF values are found (FF<35%) with a decreasing trend down to values below 25%. The origin of the low FF in the devices is the quasi-linear J(V) characteristic (reported for high Pirr in Figure 2.16c), which indicates that the performance of the photovoltaic devices is limited by losses associated to resistances in the system. When FF<25% not only a critical series resistance but also a non-linear resistance (counter-diode) is present in the device, deforming the J(V) curve until it acquires an S-shape. The presence of both high series resistance and rectifying element strongly complicates the modeling of the system since a full information on the electrical properties of the counter-diode is needed. However, in the present case, based on the J(V) curves, it is reasonable to assume that the counter-diode effect is small with respect to the series resistance. To explain this assumption, the plots in Figure 2.16d provide an example of the influence of both a series resistance and a counter-diode on the J(V) characteristic of a photovoltaic device.

Considering the SC as constituted by a current generator (Iillum), an ideal diode (n, Isat) and a shunt resistance (Rsh), the presence of a series resistance (in the schematic it is considered as the resistance at the NW/ITO contact, Rcont, but it can account for the contact in-plane resistance as well) brings to a flattening of the J(V) characteristic, ultimately tending toward a linear one, i.e.

characterized by FF=25% (blue curve). If only a counter-diode is considered instead, the overall J(V) characteristic results from the overlap of the two opposite diodes, as in the example given by the red curve. In light of this analysis, the results shown in Figure 2.16c suggest that the resistive character of the contact is predominant with respect to its rectifying behavior because of the quasilinearity of the J(V) characteristic.

From the analysis reported in this Chapter, the presence of a non-linear resistance is most likely due to the Schottky barrier arising at the NW/ITO interface, which limits the charge collection.

The J(V) characteristics at high irradiance, displayed in Figure 2.16c, show the effect of the Schottky contact in the different samples. It is to be noticed that, as described in Section 2.2.3, the n-doping concentration of the passivation shell was increased in both AlGaAs/p-n and AlGaAs/pi-n samples with respect to the GaAs NWs. This strategy aims to reduce the Schottky barrier height.

The FF values in different samples confirm that increasing the outer shell doping is effective to a certain extent, since the sample AlGaAs/p-n exhibits a higher FF and a higher short-circuit current density than the sample GaAs/p-n(T). However, a significant drop of the FF is observed for sample AlGaAs/p-i-n due to the higher generated current density. Indeed, when the current density is lower, a high access resistance does not induce a strong voltage drop and the FF is not drastically affected. The increase of the current density causes an increase of the voltage drop and the effect on the FF is more pronounced. Therefore, new strategies should be developed to obtain an ohmic contact on high-performing devices. The peculiar features concerning Voc, Jsc and FF just described, affect the conversion efficiency of the devices and its variation with the irradiance. While in the case of the reference thin film GaAs SC (Figure 2.17a) the efficiency is increasing with Pirr as expected 132 , the η(Pirr) curves of the NW devices show a non-monotonic trend characterized by a sharp increase at low irradiance and a soft decrease for Pirr > 2Suns (Figure 2.17b). This trend is easily understandable considering that at low irradiance, Jsc increases linearly, Voc increases logarithmically and the FF can be considered constant. In this regime, the variation of the PV properties of the NWs is consistent with the ones observed for the reference thin film GaAs SC. However, as far as the irradiance increases, all the PV parameters deviate from the reference case and the conversion efficiency drops.

This analysis points out that a major limitation for the conversion efficiency of the NWs devices is the ITO contact. Assuming that the rectifying effect of the NW/ITO interface is negligible and considering it only as an additional series resistance, Rcont can be evaluated from the Jsc(Pirr) plots and its effect on η can be estimated.

For this purpose, the generalized Shockley equation in Eq.( 2 The simulated solar cell characteristics under AM1.5G 1 Sun is reported in Figure 2.17d for an

AlGaAs/p-i-n device (red curve) together with the measured J(V) curve (black curve).

It can be observed that the ideal cell has a higher efficiency (around 0.95%) mainly due to an increase of FF and Voc, both related to the slope of the curve when the diode is open. No significant variation in Jsc is found since no significant deviation from KP*P is observed at 1 Sun.

In conclusions, the results of the irradiance-dependent measurements on these samples lead to three important conclusions:

• The performance of the fabricated devices is limited by the resistance of the top ITO contact (which offers a high contact and in-plane resistance and forms a parasitic counter-diode). Although the thermal treatment is shown to improve both the in-plane conductivity and NW/ITO interface properties, the overall effect is not sufficient since the series resistance of the device reduces the conversion efficiency by a factor of 3.

• Voc(Pirr) plots indicate that the GaAs/AlGaAs core/shell interface could provide a recombination surface;

• The qualitative difference found in the irradiance-dependent behavior of thin film SC and the NW SC can be totally ascribed to the different fabrication and, in particular, to the top contact resistance.

* Rs=1 Ω is chosen considering the previous estimation of the series resistance of the NWs array equal to 0.2-0.4 Ω, adding an arbitrary resistance accounting for the electric elements of the device and the NW/substrate interface.

The nanoscale approach used in this work to obtain an ohmic NW/ITO interface focuses on the doping level of the outer shell. The irradiance-dependent characterization indicates that by increasing the doping level in the layer in contact with the ITO, the FF increases but its effect is not sufficient to prevent a dramatic carrier loss in operational conditions. We note that the ITO deposition used in this work is non-optimal yielding a high in-plane resistance (few kΩ, independently measured by the Ph.D. student Omar Saket and Tiphaine Mathieu-Pennober). In future works, a thorough optimization of the ITO deposition process (eventually changing the sputtering method to the ALD coating) should be undertaken.

The origin and the effect of the leakage current observed in dark and under 1 Sun irradiation is not investigated in this work. As aforementioned, in literature there are reports indicating that this problem arises from the wire-to-wire heterogeneous electrical properties within the same device.

Indeed, the topic is of great interest not only for NW SCs since it concerns all the NWs-based devices. However, no comprehensive theory or model is still available to tackle the problem of fluctuation parameters of individual NWs in an array. Different approaches can be used to face systematically this challenge such as contacting in parallel few nano-objects to observe the variation in the electrical properties when increasing the number of probed NWs. Another interesting possibility is the use of numerical tools to predict the response of the whole inhomogeneous array under different excitation condition (as potential and/or light exposure). For example, the numerical model developed by Dr. Pierre Lavenus and described in Section 2.2.2 could be adjusted to describe a NW ensemble instead of a single NW. Anyway, the effect of NWs connected in parallel is considered to limit the overall performance. In order to eliminate (or at least reduce) this parasitic effect, in the last years a very promising approach has been developed to increase NW-to-NW homogeneity: NWs by selective-area growth techniques (SAG). By growing in (nominally) identical conditions, each nano-object would have the same electrical and optical properties, thus reducing the interdependency effect. The main drawback of this approach is that the substrate surface becomes a very critical factor and the patterning techniques have to be mastered with high precision to obtain such an ideal situation.

Axial Junction in InGaP and GaAs

NWs grown by TASE

In this Chapter, I described the work done in collaboration with the IBM Research Center (Zürich) within the context of the "NanoTandem" H2020 EU project which aims to demonstrate III-V NWs on Si tandem devices and to optimize their performance going from fundamental phenomena understanding up to prototype production. One industrially viable approach to produce nanostructured tandem devices is the direct NW growth on Si using template-assisted selective epitaxy (TASE) which is described in Section 3.1 together with the sample growth conditions. Two ternary alloys were initially considered for the NW growth, namely GaAsP and InGaP, as reported in Section 3.2. The control over the composition within single nano-objects and its homogeneity from NW to NW is a key parameter. For this reason, several undoped ternary NW samples were grown and their composition was investigated by CL mapping. The results of the CL analysis indicated that InGaP is a more suitable material, and this material was selected for the device development and in particular for doping studies. To this end, the effect of Si2H6 as a dopant for InGaP NWs was investigated using EBIC microscopy on single NWs. This analysis in combination with voltage-induced secondary electron contrast (VSEC) mapping enabled the estimation of the doping level. Finally, InGaP NWs containing an axial p-n junction were grown and their electrical activity was demonstrated on single NWs and on a macroscopic device.

The difficulties in the design of a tunnel junction made of a ternary alloy pushed the research toward the use of a well-known binary compound, namely GaAs. Although its band gap is far from the target of 1.7 eV, the wider knowledge on this material allows to design more advanced structures. The work on GaAs NWs is described in Section 3.3. Single NWs EBIC maps and I(V) curves were investigated for a p + -GaAs/n + -Si tunnel diode and for a full n + /p -/p + -GaAs junction.

Since the high surface recombination velocity of GaAs is a major source of losses for a PV device, we have investigated a surface passivation, using a post-growth treatment with hydrazine, which led to an improvement of the carrier collection within the NWs.

Growth of the samples

Template-Assisted Selective Epitaxy

Template-Assisted Selective Epitaxy (TASE) is a growth technique which combines the use of a SiO2 template and metal organic chemical vapor deposition (MOCVD) for the direct growth of III-V NWs on Si 134 . It belongs to the family of selective area growth techniques. In TASE process, the NW pattern is designed on the substrate prior to the growth process. It is obtained by several fabrication steps aiming to create hollow nanotubes around a Si pedestal (etched from the substrate). Several types of templates can be fabricated, depending on the targeted orientation of the NWs with respect to the substrate surface. The template materials and fabrication steps were carefully optimized and a wide variety of process descriptions can be found in the literature [134][135][136] .

Here I describe the specific TASE process used to elaborate the NWs analyzed in this Chapter. For clarity, the process flow of the template fabrication is shown in Figure 3.1.

Si substrates with different crystallographic orientation (<111>, <110>, <100>, <112>) and different doping types can be used (in TASE the doping type and resistivity has no influence on the growth 136 ).

A sacrificial layer made of α-Si is deposited on top of the Si substrate by sputtering; the thickness of the α-Si layer determines the height of the templates. A hard mask made of patterned hydrogen silsequioxane (HSQ) dots by electron beam lithography can be used to define the NW pattern on the surface. The size of the dots, determining the diameter of the NWs, is measured in the range of 100-250 nm in diameter. Inductively-coupled plasma reactive-ion etching using HBr/O2 is used to etch out vertical α-Si NWs. After the removal of the hard mask, a conformal SiO2 layer is subsequently deposited around the α -Si nanowires by plasma-enhanced chemical vapor deposition at 400°C. The top surface of the Si nanowires is exposed by dry-etching the top SiO2 using reactive ion etching with a resist mask to protect the substrate. Afterwards, the α-Si sacrificial layer is selectively etched away using a 25% tetramethylammonium hydroxide solution.

This results in empty SiO2 nanotube templates with a pristine (111)-terminated crystalline Si surface at the bottom. More details on the template fabrication can be found in refs. [134][135][136][137] .

After the template fabrication is completed, the III-V NWs are grown within the nanotubes by metal organic chemical vapour deposition (MOCVD). In the MOCVD process, the precursor consists of metal organic molecules such as metal alkyls and metal carbonyls. In the late 60's the growth of GaAs thin layer by MOCVD was demonstrated 138 , and since then this process has been applied for the growth of a wide variety of III-V compounds.

The detailed chemical reactions occurring in MOCVD are strongly dependent on the specific precursors and growth conditions. However, the reaction for III-V material growth employing metal-organic precursors and hydride precursors can be generally represented by Equation 3.1:

R3M(g) + EH3(g) → ME(s) + 3RH ↑ (g) (3.1)
where M is a group III metal atom, (Ga, Al or In), R is an organic group -usually CH3 (methyl)

or C2H5 (ethyl)-, E is a Group V atom (As, P or N), and H is atomic hydrogen 139 .

MOCVD reactors are highly complex and many systems with specific designs exist. However, all of them presents 3 main parts: the gas delivery system, the reactor growth chamber and exhaust system. The gas delivery system is designed for the transport and control of the precursor fraction and the carrier gases (H2 and/or N2) into the growth chamber. Once in the chamber, the growth processes that take place there include the flow injection (i.e. the precursor mass transport), mixing and diffusion, pyrolysis of the precursor and adsorption of pyrolyzed precursors, surface diffusion of ad-atoms, chemical reaction and desorption of by-products. During the growth the substrate is heated and rotated. Unreacted species and reaction by-products from the growth chamber are removed by the exhaust system hence maintaining a steady-state pressure condition in the chamber during the growth. These three components enable the control of the growth temperature, the reactor pressure and the precursor molar fraction (related to the V/III ratio) which are the key parameters of MOCVD growth processes 139 .

Due to the presence of the nanotube template, in TASE process the growth parameters' window is wider, resulting in a more versatile method for the growth of shape-and size-controlled nanostructures 135,137,140 .

Sample description

In this Section, the growth conditions for InGaP NWs and GaAs NWs, respectively, are briefly described. All the samples are grown on a Si(111) substrate. The template is fabricated as previously described. Before the growth, the templates were cleaned in hot piranha (H2SO4: H2O2 1:3) at 120°C, rinsed in H2O, and blown dry in N2. After a 12 s dip in diluted HF (1:20 in H2O), H2O rinse, and drying in N2, the samples were immediately loaded into the MOCVD reactor. The latter step ensures the removal of the native oxide on the Si(111) seed surfaces inside the templates.

The growth of ternary alloy-based NWs was not fully established at IBM at the beginning of my Ph.D., therefore the growth conditions constantly evolved accounting for the feedback obtained from structural, optical and electrical characterizations, and in particular for the results reported in this Chapter. For the sake of brevity, the optimized growth conditions are reported here. These conditions are valid for all the samples discussed in Sections 3.2.2 and 3.2.3.

In0.7Ga0.3P NWs were grown at 650°C and 60 Torr, using trimethylindium (TMIn), trimethylgallium (TMGa), tertiarybutylphosphine (TBP), and diethylzinc (DEZn) and disilane (Si2H6) as dopants. The V/III molar ratio was fixed to 32, and the Ga fraction TMGa/(TMGa+TMIn) was 0.43.

From high resolution cross sectional TEM images of TASE-grown InGaP NWs (performed at IBM, Figure 3.2a and b) it may be concluded that single crystalline NW growth takes place, however planar defects, namely twins (indicated by red lines) can be present.

The µ-PL analysis performed under excitation by a green laser (514 nm) at 10 K on as-grown NW arrays reveals a good homogeneity in the spectral emission. In Figure 3.2c, the spectra emitted from different zones of the same sample are displayed. The energy peak is found to be around 1.73

eV, corresponding to a Ga percentage of 31% * consistently with the nominal composition.

However, the width of the PL peaks (FWHM=194 ± 10 meV) suggests an inhomogeneous intrawire composition. Further investigations on undoped and doped InGaP NWs performed at IBM are reported in Section 3.2.2, including more details on the crystalline quality and on the ternary alloy composition. * The estimation of the Ga percentage is done by describing the variation of the bowing parameters (from ref. 141 ) with the temperature through a quadratic function which includes a combination of the Varshni parameters for InP and GaP (from refs. 114,142 ).

a) b) c)

Concerning the GaAs NWs, the growth was performed using trimethylgallium (TMGa) and tertiary butylarsine (TBAs) precursors and a H2 carrier gas at a total pressure of 8000 Pa (60 Torr).

The group III partial pressure was kept constant at 29 mPa, while the group V pressure was varied to obtain nominal V/III ratios between 20 and 120. Upon loading, the reactor was heated to 700 °C in a TBAs atmosphere then ramped down to a growth temperature of 600 °C. Growth started with introduction of a TMGa flow, with a typical growth time of 40 to 60 min. After growth, the substrates were cooled under a TBAs flow until reaching a temperature below 300 °C. The structural characterization of GaAs NWs grown by TASE has been previously investigated 135 . Concerning the n + /p -/p + -GaAs NWs described in Section 3.3.2 (whose nominal structure is shown in Figure 3.3a), STEM analysis was performed in IBM.

STEM analysis revealed that the crystal phase is mainly zinc-blende but with an extremely high amount of stacking faults, whose density is roughly estimated between 1.3 and 1.8 SF/nm.

However, no major defects, such as threading dislocations, were observed in the NWs.

Moreover, a good epitaxial relation between the Si pedestal and the grown wire is observed, i.e.

the growth direction is maintained in all the investigated NWs. At the GaAs/Si interface there are misfit dislocations directly at the interface, as expected from the lattice constant mismatch but no voids are observed (Figure 3.3b).

Ternary alloys nanowires

CL analysis of ternary alloy NWs

The first investigation of ternary alloy NWs grown by TASE was performed on two types of samples grown on p-Si(111) substrates containing undoped InGaP and GaAsP NWs, respectively.

In both cases, the SiO2 template is designed to form a hexagonal pattern with ̴ 1 µm pitch (as shown in Figure 3.4a). The SEM images of the two samples are reported in Figure 3.4b and c. Both samples were highly ordered and had a good diameter homogeneity (diameter ̴ 220 nm for InGaP and ̴ 190 nm for GaAsP). Some crystallites, probably coming from a parasitic overgrowth outside the template tubes, could be observed on top of few InGaP NWs; no crystallites were observed on top of the GaAsP NWs. A top view CL mapping was used to investigate the composition of single NWs and its homogeneity from NW-to-NW. Before inserting the samples in the microscope, the template was etched in a buffered hydrofluoric acid solution to avoid artifacts induced by the interaction of the electron beam with the insulating SiO2 tubes around the NWs. The CL mapping was performed at room temperature using an acceleration voltage of 3 kV and an impinging current of 6 nA. Luminescence spectra were recorded from 500 nm to 1050 nm.

CL maps and analysis of the InGaP NWs are reported in Figure 3.5. The spectrally integrated map over the whole wavelength range (referred to as panchromatic map, displayed in panel a) shows that all the NWs have a measurable luminescence. However, the luminescence intensity varies significantly from NW to NW, which could indicate a strong dependence of the crystal quality on the local conditions during the growth (i.e. substrate surface, template shape). Plotting the CL intensity as a function of the position along the scanned area, it is possible to observe the luminescence variation among the NWs. In Figure 3.5b an example is given, showing that adjacent NWs can have a difference in the intensity up to 60%. The averaged spectrum over the surface (not reported) indicates two main peaks: a broad and intense peak around 1.55 eV (800 nm) and a weak emission around 1.33 eV (930 nm). The CL maps are accordingly filtered in the range 730-900 nm (Figure 3.5c) and 910-970 nm (not reported)

to resolve spatially the two spectral components. The origin of the two peaks is found to be respectively the NW material (InGaP alloy) and the few overgrown crystallites. Concerning the latter, many factors can affect the emission energy including high defect density and compositional variation. Since the presence of this parasitic material is detrimental for the final device (leading to absorption losses and issues with the device processing), an optimization of the growth condition is required to eliminate it. Thus, no further analysis of this emission was performed.

The Although the alloy composition and intra-wire homogeneity was not optimal in this first batch of samples, this analysis indicated the possibility to use InGaP NWs grown by TASE for Siintegrated NW solar cells upon growth optimization.

CL analysis was also performed on the GaAsP sample and the results are reported in Figure 3.7. The panchromatic map (Figure 3.7a) shows a percentage of luminescent NWs close to 100%, with a good intensity homogeneity from NW to NW (>95% of NWs with an intensity variation lower than 40% * ). Two spectral components contribute to the overall emission: a peak around 1.53 eV (810 nm) and a peak around 1.36 eV (910 nm). The filtered CL maps reported respectively in Figure 3.7b and Figure 3.7c show that both emissions come from the GaAsP NWs and that their intensity is homogeneous within the array.

Acquiring the luminescence spectrum emitted from a single NW (Figure 3.7d) the two emission peaks can be clearly observed. The two contributions are decoupled by fitting the spectrum with a combination of two Gaussian functions, extracting the emission peaks at 1.552 eV (799 nm) and 1.359 eV (912 nm). As shown in Figure 3.7f, both signals are characterized by broad peaks which are highly homogenous from NW-to-NW.

The high energy peak can be attributed to the ternary alloy, thus estimating the alloy composition between 7-11% in P (this estimation uses the bowing parameters from ref. 141 ).

The low energy peak, instead, is more complex to be identified. Its energy is below the GaAs bandgap (1.424 eV). In literature, many papers can be found on defect-induced emission in GaAs, attributing the luminescence peaks down to 1.33 eV to specific defects 143,144 . Nevertheless, the possibility of the presence of alloy fluctuations in the ternary alloys makes more difficult to classify these defects in GaAsP. Both the InGaP and GaAsP NWs samples present an undesired emission around 1.33-1.35 eV.

The spatial resolution of this emission obtained by filtered CL maps is fundamental for the selection of the suitable material. In fact, in the InGaP NWs this emission is strictly correlated to the overgrown material on top of the template tubes which can be eliminated by a growth optimization. In the case of GaAsP NWs the 1.33 eV peak seems intimately related to the nanostructure itself and to some defects within the NWs. While GaAsP NWs remain an interesting system to study, InGaP alloy was chosen for further analyses. At present, the growth of InGaP NWs by TASE is better optimized aiming to develop a complete device, as reported in the following Section.

Optimized growth of undoped and doped InGaP NWs

The work described in this Section has been carried out at IBM by Dr. Stephan Wirths and the Ph.D. student Nicolas Bologna in the context of our collaboration. Although I have no credit for the reported results, I think they are of great interest for the reader since they give a comprehensive view of the improvements achieved during these years. Moreover, these results fill the gap between the initial CL analysis, discussed in the previous Section, and the analysis on the electrical properties of doped NWs discussed in the Section 3.2.3. More details can be found in ref. 145 .

A typical undoped InGaP NW surrounded by the oxide template is shown in Figure 3.8a along the [110] zone axis. On average, these NWs possess a diameter of about 150 nm with a flat front facet and a sharp interface with the Si substrate. Concerning the crystal structure, the zincblende type dominates the entire length of the NW with a high density of planar defects (stacking faults and twins) lying on the (111) plane. This is clearly visible in the atomic-resolution micrographs of 

a)-d) HAADF-STEM micrographs recorded along the [1 ̅ 10] zone axis: (a) overview, (b, red frame) a magnified region at the top and (c, blue frame) at the bottom of the NW. (d) Magnified image of a region at the GaxIn1-xP/Si interface corresponding to the green square and corresponding (e) out-of-plane (εyy) strain map. Three misfit dislocations are marked with blue arrows. f) HAADF-STEM image of a typical undoped NW and EDX elemental maps for phosphorous, indium and gallium. (g) Compositional line profiles of P, In and Ga obtained by averaging the integrated intensities over the whole diameter of the NW. f g

As a further step towards the development of photovoltaic structures, doped InGaP NWs were analyzed similarly since dopant incorporation can affect the NW growth leading to a variation of the crystal structure and alloy composition [START_REF] Wallentin | Single GaInP nanowire p-i-n junctions near the direct to indirect bandgap crossover point[END_REF] .

InGaP NWs containing an axial p-n junction were characterized by employing HAADF-STEM and EDX. Figure 3.9a shows an overview image of a representative doped NW exhibiting a sharp interface with the Si substrate, comparable to the undoped case. For this NWs, the front facet is not regular, probably due to the milling process during the FIB preparation, and therefore no particular faceting can be recognized. For doped NWs two main features are observed: the first one, indicated with a yellow arrow in Figure 3.9a, is a sharp change of contrast along the growth direction arising at about 260 nm from the silicon interface (indicated by the yellow arrow), which can be associated to the switch between the n-and the p-region of the nanowire.

The second feature is highlighted with two white arrows in the upper left area of panel a. Two dark stripes propagate from the top of the NW to the left sidewall. Their origin is unveiled by the atomically-resolved HAADF-STEM image of a region in the upper half of the NW (Figure 3.9b, corresponding to the red area in panel a) which shows a zincblende structure, but with a much lower density of planar defects.

The analysis on the bottom region (Figure 3.9c, corresponding to the blue area in panel a)

indicates a zincblende structure with a high density of twins (about 1 twin/nm) lying on the (111) plane, similarly to the undoped structure. This morphology is observed from the interface with the silicon until the junction interface. This change in crystal structure from the bottom to the top of the NW is related to the transition from the n --doped (Si) to the p + -doped (Zn) segment. A preferential growth of the zincblende crystal structure in VLS-grown NWs was previously attributed to a variation in the wetting angle of the gold seed particle caused by the introduction of Zn dopant atoms in NWs 147 . Likewise, changes in the NW diameter were also attributed to the seed particle wetting angle. However, the present results demonstrate that a change in the crystal structure also occurs when no metal catalyst particle is used for the NW growth. Additionally, as the TASE method employs nanotube templates for the growth of the NWs, the diameter of both doped and undoped structures is not altered by the introduction of dopants, maintaining the original aspect ratio necessary for high-performance solar cells. Panel e shows a map of the different regions of emission. The region at the interface shows a combination of peaks from the emission ranges of both the n-and p-doped segments. Interestingly, at this interface the p-doped InGaP peak is more intense and slightly blue-shifted (1.98 eV).

Electrical analysis of doped InGaP NWs

The electrical properties of the InGaP NWs after the incorporation of dopant atoms is evaluated by EBIC mapping and I(V) curve measurements on single NWs. In particular, one of the main points of interest concerns the evaluation of the electrical doping obtained in different growth conditions. For this purpose, 4 samples containing n-doped InGaP NWs were grown on a p ++doped Si(111) substrate. To provide the n-type doping silane (Si2H6) was used as a precursor. A schematic representation of the samples is reported in Figure 3.10a. The choice of an n-InGaP/p-Si structure enables the investigation of the doping level through the measurements of the rectifying properties of the hetero-junction. EBIC measurements were performed at 10 kV acceleration voltage and 131 pA injected current (measured by means of a Faraday cup). For all the reported measurements, the top of the NWs was connected to the negative pole of the sourcemeter while the Si substrate was connected to the positive pole.

Figure 3.10 a) Schematic of the n-InGaP/p ++ -Si NWs; b) SEM image of a single NW with the corresponding EBIC signal at Vbias = -4 V overlapped (the current is represented by a temperature color scale reported in the inset); c) EBIC profile (in black) and SE contrast (in blue) extracted along the main axis of the NW in panel (b); d) Single NW I(V) characteristic in semi-logarithmic scale in dark.

The EBIC maps on single NWs show that the hetero-interface is electrically active (Figure 3.10b), indicating an effective n-doping in the InGaP segment. When an external reverse bias is applied, a negative localized induced current is collected from this interface, consistently with the direction of the built-in field in the p-n junction. As expected, no signal is detected when a forward 
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In this model, a depleted region is formed due to the charge diffusion, inducing a built-in electric field (Vbi) across the junction. The properties of the depleted region depend on the charge density distribution function, which is considered as stepwise in this model. The hypothesis of a square charge distribution function is a strong assumption since it considers an abrupt variation of the charge density from qN (following the notation in Figure 3.11) to 0. A smoother transition (indicated by the dashed lines in Figure 3.11) is a more reasonable approximation. However, if the charge density variation from qN to 0 occurs in a Δx below the EBIC spatial resolution, the error given by assuming a stepwise function is negligible. Following this model, the p-n junction can be divided in three distinguished zones. The first one is the space charge region (SCR), or depleted region, located across the junction interface where the electric field is confined. The field in this region separates the induced charges, which are consequently transported by a pure drift mechanism. The two other regions are the zones adjacent to the SCR with no electric field. In the latter case, the charge transport occurs via a pure diffusive process. In this model the built-in field can be calculated as a difference in the Fermi energy level in the p-and in the n-sections as:

𝑉 𝑏𝑖 = 𝑘 𝑏 𝑇 𝑞 * ln 𝑁 𝑑 𝑁 𝑎 𝑛 𝑖 2 (3.2)
where k is the Boltzmann constant, T is the temperature, q is the electron charge, ni is the intrinsic charge density and Na and Nd represent respectively the acceptor and the donor concentration in the semi-junctions. Eq. (3.2) highlights the fact that the built-in field depends only on the doping levels across the junction. This model predicts that the extension of the depleted region (Wdep) depends on the doping level as well. This relation is expressed by the Eq. (3.3):

𝑊 𝑑𝑒𝑝 = √ 2𝜀 𝑠 (𝑉 𝑏𝑖 +𝑉) 𝑞 ( 1 𝑁 𝑎 + 1 𝑁 𝑑 ) (3.3)
where εs is the material dielectric constant and V is the external bias.

Since the depleted region appears due to charge diffusion, the global electro-neutrality of the system must be maintained, thus the electrons flowing to the p-segment must be equal to the holes flowing to the n-part. This fundamental requirement is expressed by Eq. (3. This set of equations expresses the intimate relation between the doping concentration in the semi-junctions and the extension of the space charge region, which can be measured with a combination of voltage-induced secondary electron contrast analysis and EBIC microscopy.

The secondary electron (SE) profile can be used to localize the position of the junction. Indeed, the SE yield sensitive to the materials properties 149 and doping type [START_REF] Sealy | Mechanism for SE dopant contrast in SEM[END_REF] . Applying an external bias, SE contrast across a junction can be enhanced and thus the position of the interface can be well localized reducing the estimation error [START_REF] Narchi | Surface potential investigation on interdigitated back contact solar cells by Scanning Electron Microscopy and Kelvin Probe Force Microscopy: Effect of electrical bias[END_REF] .

At the same time, EBIC profiles offers the possibility to estimate the minority carrier diffusion length (Ldiff) 150 and the extension of the space charge region 62 at the nanoscale. Combining the two techniques, it is possible to measure separately the SCR extension in the p-doped and in the ndoped parts of the junction, which depends on the doping level in the semi-junctions. To perform a systematic doping analysis, a set of samples was grown under different dopant flows (Si molar ratio (Si/TMIn+TMGa) from 2.5x10 -4 to 2.4x10 -3 sccm, indicated in the following as Si2H6 flow from 0.25 to 2.4).

The measurements were performed applying an external bias which allowed us to check the validity of the model: since the electric field is confined in the SCR, the external bias should not affect the diffusive transport regime, i.e. Ldiff should be independent of the external bias. The minority carrier diffusion length is estimated by numerical fitting of the induced current profiles with exponential functions. Further details on the estimation procedure and on the calculation can be found in Annex A3. The results shown in Figure 3.12a indicate that Ldiff average values show a decreasing trend with external bias, especially at low biases. Nevertheless, it can be noticed that the error bars at low bias (1V and 1.5 V) are very large.

The reason can be found in the signal-to-noise ratio of the EBIC maps, which increases with the external bias, improving the current resolution of the measurement and thus its reliability. In fact, applying a bias from 2V to 4V, Ldiff average value can be estimated around 46 ±10 nm and the decreasing trend can be considered negligible (the variation being below the spatial resolution of the EBIC maps). For the doping evaluation, only data acquired at biases ≥ 2V are considered.

From the results shown in Figure 3.12b (results are summarized in numerical form in Table 3. The results show that when the dopant flow is increased from 0.75 to 2.4 the donor concentration increases from 3.9*10 17 cm -3 to 5.3*10 18 cm -3 , following the expected trend. The doping level obtained for a low dopant flow (Si2H6 flow 0.25) is above 3*10 18 cm -3 , only slightly lower than the highest measured doping level. The reasons for this result are unclear: it may be related to some deviation in the growth procedure or to the limitations of the model when applied to junctions with a weak doping. However, the doping level estimated for a dopant flow higher than 0.25 are consistent with carrier concentration values reported in the literature for In0.65Ga0.35P epitaxial layer 151 , as shown in Figure 3.13. Anyway, the variation of the doping level with the dopant flow exhibits a different slope than the one reported for 2D layers 151 . Many explanations can be proposed, such as the limitation given by the assumptions of our simple model or a different dopant incorporation in TASE NWs compared to thin films. Indeed, the results point out a non-linear Si atom incorporation, being the slope higher than 1. For this, the investigation of the saturation range (i.e.

the regime where the doping level is constant under increasing dopant flow) for TASE NWs can be of great interest. Further investigations of the doping in TASE wires are therefore required to answer this question, which I could not perform in my Ph.D. work. I would like just to underline that the described method for the doping level estimation by combining VSEC and EBIC
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microscopy allows to obtain reliable information on the carrier concentration at the nanoscale, which is a precious tool for the understanding and the optimization of nanostructured devices.

As a next step towards the photovoltaic applications, InGaP NWs containing an axial p-n junction grown on the p ++ -Si substrate were investigated (schematic displayed in Figure 3 observed in the lower NW part at the interface between Si and InGaP. This signal arises from the hetero-junction p ++ -Si/ n-InGaP as previously described.

Through the previously discussed analysis, the doping level and Ldiff are estimated both in the n-and the p-doped segment from the EBIC profile along the main axis (Figure 3.14d). In the n-InGaP segment the doping level is estimated around 3.4*10 18 cm -3 and the hole diffusion length is found to be 44 ± 10 nm: these results are consistent with the values estimated in the previous set of samples. In the p-InGaP segment the doping level is estimated around 3.5*10 18 cm -3 and the electron diffusion length is around 52 ± 10 nm. For the former estimation In0.45Ga0.55P is considered since a doping-dependent compositional variation is observed in these wires (as reported in Section 3.2.2).

As seen from the profile displayed in Figure 3.14d the positive induced current produced by the p-n InGaP junction (~ 28 nA at the peak) is much more pronounced than the opposite current from the InGaP/Si heterojunction (~ 2.5 nA at the peak). Nevertheless, these two opposite diodes are connected in series and the overall activity of the nanowires results from their competition. This information could be obtained by the EBIC maps acquired without bias (not reported), but in the present case these maps show no current collection due to the presence of a Schottky barrier at the contact interface.

To study the photocurrent generation properties, the response of the NW array under white light illumination (a halogen lamp with 31.5 mW/cm 2 power density) was analyzed in short-circuit conditions. For this purpose, the NW arrays were contacted. The fabrication consists in NWs encapsulation in hydrogen silsesquioxane (HSQ) baked at 200°C for 60 minutes and a sputtering of an ITO top contact through a shadow mask. The photocurrent was measured alternating light irradiation and dark condition and recording the current temporal trace I(t). The results, displayed in Figure 3.14e ("on" and "off" are referred to the lamp irradiation), show that a positive current is generated under illumination consistently with the orientation of the p-n InGaP homojunction.

This observation provides the first evidence of a photovoltaic effect in InGaP NWs grown by TASE.

GaAs NWs

The work on InGaP NWs demonstrated that TASE can be used for the growth of ternary alloys on Si for NWs SC. However, it shows also that the variation of the alloy composition related to the doping and the control of the latter are major issues, which requires additional research on the optimization of the growth parameters. At the present moment, these issues limit the development of homogeneous absorbers with a well-controlled bandgap and of the ternary III-V/Si tunneling diode, fundamental for the connection in series of the two junctions.

In order to explore advanced structures towards the final TSC, we decided to investigate samples consisting of GaAs NWs directly grown on Si(111) by TASE. The use of a binary compound facilitates the growth process, ruling out the issues related to the alloy composition. In addition, the wider know-how on GaAs can be used to obtain a superior material quality which can compensate, in term of conversion efficiency, the non-optimal value of its band gap [START_REF] Essig | Raising the one-sun conversion efficiency of III-V/Si solar cells to 32.8% for two junctions and 35.9% for three junctions[END_REF] . These advantages are the reason that the only NW-based TSC reported in literature contains a GaAs top cell [START_REF] Yao | Tandem Solar Cells Using GaAs Nanowires on Si: Design, Fabrication, and Observation of Voltage Addition[END_REF] . 

Tunnel hetero-junction

V bias =-3 V V bias =-2 V V bias =-1 V V bias = 0 V V bias =+1 V V bias =+2 V V bias =+3 V Increasing V bias 99 
The GaAs/Si junction was designed as a tunnel Esaki diode. Qualitatively, the above-described results do not differ from the observation of a standard p-n diode. The nanoscale EBIC visualization of Esaki diodes is a rather new challenge with very few results in the literature 152 .

The visual appearance of the EBIC map for this element should not be qualitatively different from a regular diode, except for the extension of the depleted region. Since the width of the space charge region is intimately related to the tunneling properties, a high-quality Esaki diode is expected to have a depletion region smaller than the EBIC map resolution. In this ideal case, only the carrier diffusion tails should contribute to the induced current, resulting in a sharp current peak across the junction. In imperfect tunnel diodes, the SCR can be resolved in EBIC and its extension can be considered as an indicator of their quality. For this purpose, the EBIC profiles at different biases are reported in Figure 3.16.

The quantitative analysis of the EBIC profile under reverse bias allows to estimate the minority carrier diffusion length (Ldiff= 73±5 nm in p-GaAs, Ldiff= 46±2 nm in n-Si) and the SCR width (around 60-70 nm). Interestingly, this value is not changing monotonically with the external voltage, as it is predicted for a simple diode (Equation 3.3); instead, a random value fluctuation is observed and an average depletion width of 68±12 nm can be estimated. This value is comparable with values reported in literature for working Esaki diode in NWs 152 .

To check the tunneling properties of the NWs, I(V) curves were measured with the aim to observe the characteristic negative differential resistance (NDR). The measurements were performed on single NWs and on a wire array.

Single NW I(V) curves (one example is given by the black curve in Figure 3.17a) show no NDR at room temperature; on the contrary, they are characterized by a weak rectifying behavior, as it can be deduced by the slight asymmetry of the reverse and forward branches. Moreover, the I(V)

curves measured using the electron beam as an excitation source (dashed red curve in Figure 3.17a)

show a weak charge splitting effect (the induced short-circuit current and open-circuit voltage are different from 0). This should not be the case for a tunnel diode where the high-doping and narrow SCR should hinder the photo-sensitivity of the junction [START_REF] Guter | I-V Characterization of Tunnel Diodes and Multijunction Solar Cells[END_REF] .

Since single NW measurements revealed no tunneling effect at the GaAs/Si interface at room temperature, low temperature analyses were needed to evidence the tunneling behavior. This kind of analyses on single NWs cannot be performed in our EBIC set-up, which is limited to 300 K measurements. Temperature-dependent I(V) measurements were performed at the IBM Research Center (Zürich) on the NWs ensemble. The NW ensembles were encapsulated in benzocyclobutene resin (BCB) and then an Au top contact was deposited through a lithographic process. The curves displayed in Figure 3.17b give the first evidence of tunneling effect. In particular, when T < 150 K the resonant tunneling at the GaAs/Si junction results in a weak NDR indicated by the dashed red circle. This observation is consistent with the reports in literature on the influence of the temperature on the current-voltage characteristic of Si Esaki diodes indicating an increase of the peak-to-valley ratio (thus, a more pronounced NDR) at low T 153 .

Figure 3.17 I(V) curves. a) Representative I(V) curve for a single NW at 300 K in dark (black line) and under electron irradiation (dashed red line); b) I(V) curves of a NW array at different T (performed at IBM Research Center, Zürich). The red dashed circle indicates the NDR region at low T.

In conclusion, this analysis shows that a GaAs/Si hetero-junction has been successfully fabricated in NWs. The SCR extension was measured by means of EBIC mapping. This measurement yielded a relatively broad depleted region width of ̴ 68 nm comparable with values reported in literature for tunneling diodes. Room-temperature single NW I(V) curves presented no NDR, which however could be observed at low temperature when probing the NW array.
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EBIC mapping of n + /p -/p + GaAs NWs

The investigation of the GaAs NWs containing an axial n + /p -/p + junction on top of the n + -Si substrate represents a fundamental step towards the realization of NW-based TSC since this structure forms the top cell of the final device. The imaging of the internal electric field in GaAs

NWs SC has been reported in literature [START_REF] Aberg | A GaAs Nanowire Array Solar Cell With 15.3% Efficiency at 1 Sun[END_REF] , offering an interesting insight on the internal band structure and its optimization to maximize the excess charge collection. For the simulation doping levels are assumed to be 10 18 cm -3 for n + and p + segments. For the p -segment, doping levels from 10 15 cm -3 to 10 17 cm - 3 are assumed.

The schematic representation of the internal structure of the GaAs NWs is shown in Figure 3.18a. The NWs consist of a short n + -GaAs segment ( ̴ 250 nm), a long p --GaAs emitter ( ̴ 960 nm) and an ultra-short p + -GaAs segment ( ̴ 80 nm) forming a tunnel diode with the n + -Si substrate.

SEM images of the NW array are displayed in Figure 3.18b. To maximize the depletion region volume, the long emitter is only slightly doped. The effect of the doping level in the p --GaAs segment can be observed on the band diagram along the NW axis (the simulation in Figure 3.18c was performed using the NextNano © software). The material parameters are taken from ref. 114 . For the simulation, all doping levels are considered constant, being 10 18 cm -3 for n + and p + segments.

For the p -segments, doping levels of 10 15 cm -3 (dotted lines), 10 16 cm -3 (dashed lines) and 10 17 cm - 3 (solid lines) are assumed.

The band diagram reported in Figure 3.18c shows that low doped p-GaAs (10 15 cm -3 ) presents a quasi-intrinsic behavior, i.e. the electric field is almost constant along the whole segment. This condition ensures a wide collection volume. At the same time, since the doping concentration is directly related to the conductivity, the series resistance increases due to the presence of this long depleted segment. By increasing the doping level (10 16 cm -3 ) it is possible to overcome the conductivity issue even though the extension of the depleted region is reduced: the electric field is no longer constant and it increases when approaching the p + /p -GaAs interface. This effect is more and more significant increasing the doping concentration (10 17 cm -3 ).

EBIC mapping was performed on these NWs to investigate the electrical properties of the top cell and to visualize the extension of the depletion region. Other points of interest of this analysis are the observation of eventual variations of the electrical properties of the tunnel junction after the growth of the GaAs junction on top and the analysis of the two elements in series.

Due to the high number of rectifying interfaces connected in series, the current collection can be affected by many factors and the interpretation of the results is not straightforward. For this reason, single NW EBIC mappings were performed on both full NWs and broken NWs, which appear during the sample cleavage. Due to the stochastic position of the breaking point, broken

NWs with different heights can be easily found, hence giving access to different internal interfaces.

This procedure gives additional input for the interpretation of the EBIC maps.

To ensure that broken NWs were not electrically damaged, these measurements were reproduced also on entire NWs placing the tip on the lateral surface at different position (not reported). Measurements performed with these two procedures show no significant differences; however, a more reliable electrical contact can be more easily formed from the top on broken NWs.

For the sake of brevity, only the measurements concerning the analysis of the GaAs/Si tunnel junction (Figure 3. The electrical map of the tunnel junction presents no difference with respect to the results reported in the previous section * . Moreover, the depleted region extension is estimated around 70 nm from the quantitative analysis of the EBIC profile (Figure 3.19b), as in the previous case, which suggests that the doping profile is not significantly modified when the GaAs cell is grown on top.

The overall result is encouraging for the development of TSC since it points out that the growth of the GaAs junction is not affecting the properties of the tunnel junction below. * For this analysis the positive pole was connected on the bottom and the negative one on the top, i.e. opposite to the case described in Section 4.3.1. Thus, here the EBIC signal appears as a blue signal at positive bias while in the previous case it appears as a red signal at negative bias. The two results are consistent with each other. Considering also the EBIC profiles in Figure 3.19d, two observations need to be pointed out:

• The EBIC current from both interfaces is quite low, being ̴ 2 nA for the GaAs junction and ̴ 1.2 nA contrary to the previous measurements (which is why a high external bias is used for these measurements);

• The signal attributed to the GaAs junction is highly localized, contrary to what is expected for a structure containing a long p --doped segment.

The low EBIC current could be partially attributed to the competition between the opposite diodes. Nevertheless, with a high external bias (both in forward and in the reverse) a higher induced current is expected due to the flattening of one the two junctions. This is the case observed for the broken NWs in Figure 3.19a and b where it is possible to collect a much higher current by applying a bias even if two opposite rectifying elements are present (the hetero-junction and the Schottky contact). A low p --doping level can also contribute by increasing the NW resistance, thus reducing the collected current, as previously discussed. However, this hypothesis is in contrast with the highly localized electric field across the GaAs junction since the nominal doping level was optimized to obtain a wider SCR within the long emitter segment.

To perform a correct interpretation of the results a quantitative analysis of the EBIC profiles is done. The analysis provides the following results: i. Depletion region width and minority carrier diffusion lengths across the TJ are consistent with the results described in the previous Section (Wdep= 60 nm; e -Ldiff= 77 nm in p + -GaAs; h + Ldiff= 49 nm in n + -Si);

ii. Depletion region width and minority carrier diffusion lengths across the GaAs junction are similar to the values for the TJ (Wdep= 70 nm; h + Ldiff= 80 nm in n + -GaAs and e - Ldiff= 90 nm in p --GaAs);

The low diffusion length values for the GaAs junction suggest that a major limiting factor could be related to the high surface recombination rate. The high recombination rate could hinder also the collection of carriers from low-electric field region and thus affect the Wdep measured across the junction, beside the minority carrier diffusion length 154,155 .

To address this issue, we have performed a surface passivation on the sample and evaluated its effect by EBIC microscopy. EBIC maps were performed in the same experimental conditions after surface passivation. Since TASE process does not allow in-situ passivation shell growth due to the use of the SiO2 tube template, a post-growth passivation treatment is required.

Wet treatment in a hydrazine (N2H4) buffer solution has been shown to form an effective passivation shell in GaAs NWs 156 . The passivation mechanism based on the formation of a GaN monolayer due to the surface oxide removal in alkaline conditions and saturation of the dangling bonds by N atoms by chemisorption. A schematic representation of the passivation process by N2H4 is shown in Figure 3.20a (taken from ref. 156 ). More details can be found in refs. 156,157 .

The effect of the surface recombination on the charge collection has been analyzed by applying the passivation treatment on the previously described samples and repeating the EBIC measurements in the same experimental conditions. The results obtained before and after the treatment are compared in Figure 3. 20b andc. the substrate. This approach can be used to develop inorganic-based flexible solar cells with a high efficiency by embedding the ordered NWs in a polymeric matrix and peeling-off the thin layer from the substrate 158 . The main advantage of this process is the possibility to re-use the substrate after the NWs peel-off, enabling the use of an expensive substrate in a large area production while maintaining a contained cost of the cell. In addition, by detaching the active area from the substrate, the architecture of the final device is independent of the growth direction and several solutions can be explored to optimize the properties of the active material. For instance, starting from NWs with an axial p-n junction, the device can be flipped to form a n-p junction. For this reason, some of the samples investigated in this Chapter present an identical internal structure but a different order growth. In this case, for sake of clarity, the samples will be labelled as "bottom material/top material", thus following the growth direction. As a further indication, the bottom material is indicated by bold letters. [START_REF] Glas | Why Does Wurtzite Form in Nanowires of III-V Zinc Blende Semiconductors?[END_REF]159 .

The most used metal for the catalytic growth of III-V NWs is Au, although in the past years a lot of effort was done to find a Si-compatible and cost-friendly alternative 113 . The reasons for the success of gold (relative to other metals) are not fully understood, but it is generally accepted that its moderate melting point and formation of low-melting alloys, resistance to oxidation and other parasitic reactions, and the high diffusion coefficients of many other elements in this metal may all play a role 160 .

In view of a NW device, it is desirable to control both the catalyst particle position and size.

Controlling the size of the metal droplets provides control of the NW diameter (the wire diameter and pitch are the key parameters to maximize the light absorption in the array 126,161 ). Moreover, by depositing a periodic and uniform array of particles, all NWs in the array will experience similar growth conditions, fundamental to produce a NW array with a high uniformity in length and doping profile.

Several methods have been used to deposit catalyst droplets on a substrate in an ordered way 162,163 ; among them, the technique most extensively used is electron beam lithography (EBL).

Despite its slow sequential pattern writing, EBL enables a large flexibility in the pattern design, yet ensuring a high precision substrate patterning 164,165 . At the end of the process, the NW position is well defined, and a clean substrate surface can be maintained, obtaining a good compatibility with device processes after the NW growth.

However, for large area devices such as solar cells, a method with higher throughput is desirable. In this respect, nano-imprinting lithography (NIL) has proven useful. NIL is a patterning technique allowing the transfer of a nanostructured pattern from a stamp to a polymer by physical contact and material displacement. In this way, the pattern features are transferred to the substrate area simultaneously, enabling the entire wafer to be imprinted in a single step, while allowing to reduce the EBL writing time and ensuring a reliable reproduction of the pattern over a large surface 166 .

A detailed schematic of the Au catalyst patterning through NIL is reported in Figure 4.1. The accuracy of the final pattern depends on the properties of the stamp (called intermediate polymer stamp or IPS) consisting of a UV-transparent film, flexible to conform the surface roughness and curvature. The pattern is written by EBL on a wear-resistant master stamp and then transferred to the IPS by a thermo-mechanical process in contact with a metallic master stamp which contains on its surface the pattern to be imprinted (Figure 4.1a and b). To transfer the pattern, the wafer is first covered by a double layer resist (c) and then put in contact with the IPS and heated (d). When pressure is applied (e), a negative of the IPS is formed in the top-layer resist. The resist is then cured by UV-light (f), and the IPS is demolded (g). Reactive-ion etching is used to open up holes in the top-layer resist (h); then a wet-chemical etch step is used to form an undercut profile in the bottom-layer resist (i). Gold is evaporated onto the wafer through the holes in the resist (j), before the double layer resist and the excess gold is removed in a lift-off step, leaving an array of gold particles on the wafer surface (k), in a pattern as defined by the master stamp. Both figure and description are reproduced from the Ph.D. dissertation of Gaute Otnes, where further details on the NIL process and the subsequent NWs growth can be found. For the samples discussed in this Chapter, the pattern consists of circular openings with a diameter around ̴ 200 nm disposed in a hexagonal array with either 0.5 µm or 1 µm pitch.

The patterning yield achieved with this technique is very high (>99.9%), with a very low density of missing droplets attributed to random defects in the stamp. However, the NW growth from a pattern with these dimensions can result in Au particles moving around the surface and coalescing under standard annealing, nucleation, and growth conditions, thus destroying the pattern. Two approaches were recently developed and optimized to preserve the pattern during the NW growth aiming to pin the position of the catalyst on the substrate, prior to the growth: (i) the introduction of a pre-anneal nucleation step in the growth procedure, i.e. a controlled Zn-doped InP nucleation step before rising the temperature to the annealing temperature, which exhibited a highly improved pattern retention throughout the NW growth process; (ii) the use of a SiNx-growth mask on the substrate surface to keep the particles stationary, which allowed to achieve 100% pattern preservation of NWs in high density arrays over all sampled areas. For forming the growth mask, a SiNx layer was deposited by plasma enhanced chemical vapor deposition (PECVD) prior to NIL.

Between the steps represented in 
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Sample growth

This Chapter consists of three main experimental parts: (i) analysis of p-i-n InGaP NWs, (ii) Two samples containing InGaP NWs (Figure 4.2a) were grown to investigate the effect on the electrical properties of the pattern preservation steps previously described. For this purpose, in one sample, a SiNx mask (65-75 nm thick) is deposited by PECVD to provide a full control over the seed particle movement. In the other sample, a pre-anneal nucleation of InP was implemented at 280 °C for 1 min at TMIn and PH3 molar fractions of χTMIn = 8.9 × 10 -5 , and χPH3 = 6.92 × 10 -3 as previously described. In both cases, Au droplets with a diameter of 200 nm and height of 65 nm are obtained in a hexagonal pattern with 500 nm pitch. All the samples containing the tunnel junction and the dual junction ( A qualitative information can be obtained from the extension of the signal, which depends on the doping level, as discussed in the previous Chapters. In PAN NWs (as the one in Figure 4.4b) a peculiar asymmetry of the extension of the collection region is observed: while the n-Schottky on top appears highly localized, as expected for highly doped segment, the p-Schottky on the bottom is surprisingly large (several hundreds of nm). A stronger induced current is collected from the part closer to the contact point, probably due to the stronger electric field induced by the Schottky contact. However, even improving the tip positioning, no localized p-Schottky signal is found.

analysis
Two explanations can be found for the long p-Schottky signal: (i) no p-doped segment is present and the NWs consist of a nominal i-n structure and the intrinsic segment presents a residual pdoping or (ii) the p-InGaP segment is ultra-short and not strongly doped, so that the Schottky signal extends to the intrinsic segment. In p-i-n SiN-mask NWs, the Schottky analysis (not reported)

shows highly localized signals both on top and on the bottom part of the NW.

Keeping in mind these results, the InGaP junction is investigated by EBIC microscopy on both SiN-mask NWs and PAN NWs. EBIC measurements were performed at 10 kV acceleration voltage and 82 pA injected current, measured by means of a Faraday cup. An external bias in the range of ±4 V is applied. EBIC maps and axial profiles are reported in Figure 4.5 (results for SiN-mask NWs are blue-framed; results for PAN NWs are green-framed). Results under 0 V bias are not reported since the signal is below the noise level. Two main differences can be observed between SiN-mask and PAN NWs:

• The collected region extension in the PAN NWs ( ̴ 1 µm) is much larger than for SiNmask NWs ( ̴ 500 nm);

• The difference in the Wdep extension depends only on the electrical properties of the bottom segment: the collection region in PAN NWs extends up to the bottom end of the NW (the partial diffusion tails within the bottom 200 nm) while in SiN-mask NWs a 500 nm p-doped segment localized at the bottom of the NW is not active.

The first point is of great interest to maximize the charge collection: from the EBIC maps and profiles, it can be observed that the charge collection in PAN NWs is close to the optimal case where the entire NW is involved. In fact, the EBIC profiles show that the extension of the charge collection region is not dramatically influenced by the external bias, as expected for p-i-n junctions. In addition, for each reverse bias the measured induced current is constant within the SCR. This is not the case of SiN-mask NWs where the collection region extension shrinks with increasing the reverse bias reaching a peaked profile.

It is hard to give a comprehensive explanation of this last evidence: contrary to the described case, the theory predicts an enlargement of the depletion region with increasing reverse bias in pn junctions and this trend has been reported in the literature also for III-V NWs [START_REF] Tchoulfian | Direct Imaging of p-n Junction in Core-Shell GaN Wires[END_REF]169 .

Most likely, a combination of phenomena is involved. For instance, the residual doping in the intrinsic segment could play a role, as well as the bias-dependent resistance of the Schottky contact which can limit the induced current collection to different extent when varying the external bias.

The surface recombination rate can also affect the estimation of the depletion region extension, as discussed in Chapter 3, although it would not explain the variation of Wdep with the external bias.

However, although the surface recombination rate was not investigated in these NWs, the estimation of the minority carrier diffusion length ( ̴ 170±30 nm for n-InGaP and 155±30 for p-InGaP) suggests that the charge collection could be improved by a surface passivation.

As previously mentioned, the EBIC profiles reveal the existence of a wide p-InGaP segment in the SiN-mask NWs which doesn't contribute to the charge collection. This passive segment is not present in PAN NWs, consistently with the Schottky analysis reported in Figure 4.4b.

Since dispersed NWs are investigated, the cleavage point can be a factor influencing the results.

In fact, while in PAN NWs we may assume that the NWs detach at the base, in SiN-mask NWs we would expect to cleave the NWs at a higher position due to the presence of the mask. In this case, the SiN-mask NWs would present a shorter p-doped bottom segment than the PAN NWs, but this is not the case. Therefore, it is likely that the different electrical behavior exhibited in the bottom segment of the NWs is directly related to the effect of the pattern preservation approach on the NWs growth. As a matter of fact, the two approaches influence the initial NW growth phase since in one case the bottom segment is grown within the Si mask apertures while in the other case the catalyst droplets are directly exposed to the precursor fluxes. The EBIC analysis proves that the growth in this initial stage has significant consequences on the electrical properties of the NWs, probably due to a different dopant incorporation induced by the pattern preservation approaches.

In SiN-mask NWs, a 500-nm thick pedestal exhibits a high doping, thus reducing the collection region; in PAN NWs, the p-InGaP part is either very low doped or very short (or both), and excess carriers can be collected up to the bottom end of the NWs.

Following the indications obtained by this analysis, the pre-anneal nucleation approach appears preferable for the growth of the dual junctions. This method is used to grow the samples discussed in the following parts of the Chapter.

Esaki Diodes

The growth of NWs containing an Esaki diode is a fundamental, yet challenging, step towards the realization of dual junction NWs. To address this issue, two samples were grown containing a n + -InP/p + -InGaP junction and their tunneling properties were investigated by EBIC mapping and single NW I(V) curves.

The samples were grown as described in Section 4.1.2 after a pre-anneal nucleation of InP to improve the pattern preservation. To explore different growth strategies, the NWs in the two samples were grown either with the low band gap material on the bottom or on the top as represented in Figure 4.6. As previously mentioned, the samples will be identified as "bottom material/top material". Following this notation, schematic and SEM images for sample 
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Both samples show a high degree of verticality and the NWs are characterized by a diameter around 200 nm and a length of ̴ 2 µm, highly homogeneously over the sample area.

For both types of NW, the hetero-interface position can be localized from the SEM images due to the presence of an abrupt diameter variation (emphasized in sample InP/InGaP).

The NWs are dispersed on a SiO2/Si substrate, as described in the previous Section, and the measurements are performed by contacting individual NWs with two nanomanipulators. EBIC mapping is performed at 10 kV acceleration voltage and 131 pA injected current, measured by means of a Faraday cup. An external bias varying in the ±2 V range is applied.

The results of the EBIC mapping are shown in Figure 4.7. In both structures, an induced current is measured at the hetero-junction position when a negative bias is applied. However, by extracting the EBIC profile along the axis of NWs it is possible to observe that the junctions have different properties in the two cases. In fact, InP/InGaP NWs (Figure 4.7a) exhibit a wide depletion region ( ̴ 145 nm) and a minority carrier diffusion length of 105 ± 11 nm and 93 ± 13 nm, respectively in the p-InGaP and n-InP segments. Concerning the InGaP/InP NWs, EBIC analysis (Figure 4.7b) reveals that they are characterized by a smaller Wdep ( ̴ 66 nm) and a lower minority carrier diffusion length value in both segments (41 ± 10 nm in p-InGaP and 45 ± 13 nm in n-InP). This difference in behavior is likely to originate from a different doping level across the junction. In fact, a lower doping level InP/InGaP NWs (with respect to the InGaP/InP NWs) could explain both the enlarged SCR and the larger Ldiff values. It is worthy to notice that in the previous Section, the electron diffusion length in p-InGaP was estimated around 155±30 nm. The different Ldiff measured in the three cases suggests a significant influence of the doping on the minority carrier diffusion length, as reported in the literature 170,171 .

Intuitively, the variation of junction properties affects the I(V) characteristics measured on single NWs. The curves reported in Figure 4.8 prove that a negative differential resistance (NDR) can be measured in both cases at a single NW level, although the characteristics show a difference between the two structures, consistently with the EBIC analysis. The I(V) curve for InP/InGaP NWs (Figure 4.8a) presents a constant negligible current under reverse bias and low current values under forward bias (in the order of pA at 1 V). In this case the NDR effect is very low considering a decrease of the current of 0.7 pA (slightly above the current sensitivity of the setup in these experimental conditions, estimated around 0.3 pA). This result is not surprising considering the very large depletion region width measured with the EBIC mapping. The InGaP/InP NWs (Figure 4.8b), instead, exhibit a large leakage current, increasing in absolute value when increasing the negative bias. In addition, the current values in forward bias conditions is much higher than in the other sample, consistently with the difference in the doping level suggested by the EBIC maps.

The NDR can be observed around 0.5V with a measurable current around 5 nA. These results are perfectly consistent with the results reported in the literature on similar samples 152 , where similar values of Wdep can be extracted from the EBIC maps and the same a) b)

features characterize the tunneling phenomenon at the single NW level. In ref. 152 , the authors argue that the tunneling properties of the InP/InGaP Esaki diode is affected by the slow kinetics of the p-dopant incorporation mechanism in the InGaP segment, resulting in a reduced doping level across the junction. In InGaP/InP NWs, instead, a sharper doping transition occurs leading to a higher electric field across the junction and thus superior tunneling properties.

To conclude, it is worthy to discuss in more detail the experimental setup since this analysis shows beyond any doubt that the single NW analysis by using nanomanipulators integrated into the SEM chamber is a suitable alternative to the fabrication of nanocontacts by EBL. However, the main drawback of the I(V) measurements on Esaki diodes is the reproducibility of the results.

Only 10% of the curves exhibited a clear NDR range, and the measurements acquired on NWs containing tunneling diodes were hardly reproducible. For instance, acquisitions on the same NW with position of the contact tip resulted in curves with NDR at different voltage ranges or disappearing in the current noise. A possible reason for this issue could be related to the contact resistance. In fact, due to the small contact area, a high series resistance can be added to the electrical path because of the NW/metal interface (as demonstrated in the previous Chapters). The presence of a high localized resistance influences severely the measurements of the I(V) curves on single NWs. In Chapter 2, it was demonstrated that this problem can be negligible in regular p-n diode, since the electrical parameters of the diode are not affected, and they can still be estimated.

Unfortunately, this is not the case for a tunnel diode where the analysis of the NDR is hindered because of the large voltage drop at this interface. In addition, the measured tunneling current would be underestimated due to the resistive losses. Another possible issue related to the use of nanomanipulators for the measurements of the NDR of Esaki diodes embedded in single NWs is the metal/semiconductor coupling (the tips are made of tungsten) which cannot ensure an ohmic contact for all III-V materials.

In conclusion, although the use of the nanomanipulators has proven (not only in this Thesis) to have great advantages both for the EBIC mapping and single NW I(V) measurements on regular p-n junctions, they can only serve for a qualitative investigation of an Esaki diode and cannot be used for quantitative analysis of the NDR. Upon improvements of the technique (e.g tips made of different materials, development of specific measurement configuration and contacting protocol), the use of the nanomanipulators can be extended to wider and more delicate applications.

Dual Junction NWs

The investigation of the InGaP junction and of the Esaki diode has demonstrated the necessary building blocks for the growth of NWs containing two junctions in series, connected through a tunnel junction, thus forming a dual junction NW.

As discussed in the incipit of this Chapter, due to the foreseen peel-off process for the device fabrication, the junction order is not affecting the final architecture. For this reason, in this Section, two samples containing NWs with identical internal structure, but reverse junction order are investigated. As in Section 4.2.2, the samples will be identified as "bottom material/top material".

To be noticed that for the two samples, both Esaki diodes previously investigated are integrated into the NWs in order to connect the active junctions in the two cases. Due to the high complexity of the system, both EBIC mapping and CL analysis are used to characterize these nanoobjects at the nanoscale level. In particular, the purposes of the work reported in this Section are (i) to check any eventual difference in the electrical properties due to the different material order of growth, (ii) to investigate the electrical properties of the three junctions (including the tunnel junction) and the overall electrical activity in single NWs and (iii)

to characterize the intra-wire alloy compositional variation in the two cases. For the sake of clarity, all the plots in this Section will be blue for InP/InGaP NWs and red for InGaP/InP NWs (following the color code for the bottom material used in the schematic in Figure 4.9).

Single NWs EBIC mapping

EBIC mapping is performed on NWs dispersed on a passive Si/SiO2 substrate. The measurements are performed at a 10 kV acceleration voltage and 82 pA injected current, measured by means of a Faraday cup. The results are shown in Figure 4.10. As shown by the EBIC maps, it is possible to observe that under reverse and forward bias, different junctions are active. For any bias, no signal arising from a Schottky barrier with the manipulators is observed. Comparing the EBIC maps in panels a and b, the most significant observation is that no induced current can be collected from the bottom segment in both samples. This result will be discussed later. EBIC maps reported in Figure 4.10a and b show the activity of the top junction and the tunnel junction in both samples. The nominal structure is designed to obtain a large charge collection from the junctions contributing to the photovoltaic conversion by a large intrinsic segment (nominally 500 nm) and to connect the two junctions with an efficient tunneling diode (thus, with a narrow depletion region). However, the InP/InGaP NWs (panel a) exhibit a narrow depletion region of the top junction (around 400 nm) and a wide SCR in the tunnel junction ( ̴ 160 nm). Moreover, from the EBIC profile in panel c, it is possible to observe that the collection region of these two elements partially overlap. The wide depletion region of the tunnel junction is compatible with the analysis discussed in Section 4. In other terms, the narrow extension of the top junction collection region, the wide Wdep across the tunnel junction (TJ) and their partial spatial overlapping indicate the presence of a n + -InP/p-InGaP/p --InGaP region rather than the nominal n + -InP/p + -InGaP/p-InGaP.

On the contrary, the InGaP/InP NWs exhibit the expected behavior for both the top and the tunnel junctions. Substantially, the space charge region (SCR) in the top junction extends along the whole top segment ( ̴ 1.8 µm) while the depletion region in the tunnel junction is only 70 nm wide. This value is compatible with the analysis on the Esaki diodes discussed in the previous Section.

The minority carrier diffusion lengths are also estimated from the EBIC profiles in the two types of NWs. The average Ldiff values for electrons and holes are reported in Table 4 The surprising "transition" observed in the InP/InGaP NWs and its absence in InGaP/InP NWs suggests that in such a complex structure the absence of an EBIC signal could not be strictly related to a defective junction. In fact, the change in the activity of the junctions indicates that a major limitation could be related to an inhomogeneous voltage distribution along the structure. Indeed, in EBIC microscopy a voltage drop across a junction enhances the electric field and thus the excess charge drift, resulting in an increase of the induced current. Due to the presence of the three junctions (including the tunnel junction) in series, when an external bias is applied, it redistributes to ensure that the current flowing through each junction is the same. Consequently, the redistribution depends on the characteristics of the individual elements. Without any external irradiation, the tunnel junction doesn't affect the voltage drop distribution (and thus the overall electrical characteristics) since it behaves as an ohmic resistance; on the contrary, under irradiation the exact values of Jsc (for each connected junction) and Jpeak (for the tunnel junction) can deeply modify the overall electrical characteristics. The topic is discussed in more detail in ref. [START_REF] Guter | I-V Characterization of Tunnel Diodes and Multijunction Solar Cells[END_REF] .

Considering also that in EBIC mapping the junctions are selectively excited due to the local injection of electrons, it is likely that the overall characteristics, and thus the voltage drops in each junction, varies in a complex way that cannot be generalized, depending on the specific electrical properties of each element.

Single NWs CL analysis

Cathodoluminescence mapping was performed on both samples to explore the radiative recombination properties of dual junction NWs. In particular, the focus of the measurement is on the emission spectra of the two segments and the spectral homogeneity both from NW to NW and within single nano-objects.

CL measurements were performed on dispersed NWs at 10 kV and 13 nA impinging current, both at room and low T (10 K). Luminescence spectra are acquired in the range of 550-1050 nm.

In Figure 4.12 are reported the room temperature CL maps and characteristic spectra for each segment of an InP/InGaP NW (on top, blue-framed) and of an InGaP/InP NW (on the bottom, red-framed). An interesting feature observed in all the acquired CL maps is the irregular variation of the luminescence intensity along the main axis which gives rise to maxima and minima points within the NW (InP/InGaP NW exhibits multiple maxima and the InGaP/InP NW show wide compound emission occurs at 1.367 eV ± 8 meV in the InP/InGaP NWs, while in the InGaP/InP

NWs it occurs at 1.371 eV ± 16 meV. By decreasing the temperature down to 10 K, the average energy of the emission peak of the InP segments increase reaching the expected value of 1.423 eV in InP/InGaP NWs.

Surprisingly in these conditions the binary compound in the InGaP/InP NWs exhibits an average peak emission energy of 1.409 eV, slightly red-shifted with respect to the expected value.

From this analysis it can be concluded that more than one phenomenon influences the emission of InP segments in the NWs: the predominant one at room temperature leads to a blue-shift of the emission, while the predominant one at low temperature leads to a red-shift of the emitted spectra.

Since it has been observed that the NW-to-NW emission homogeneity is not influenced by the temperature (the fluctuation is ± 8 meV in the first case and ± 16 meV in the second case also at low T), it is likely that the blue-shift arises from a crystal phase mixture or from the Coulomb interaction of excitonic electron-hole pairs with local charges on the nanowire surface 173,175 . 
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To assess the intra-wire homogeneity, CL maps were acquired at low temperature on single NWs and the spectra emitted at different points along the main axis are plotted in Figure 4.14.

Comparing panels a and b, it can be noticed that in the two cases the same features characterize the intrawire variation of the emission spectra. The InGaP segments exhibit a red shift from the extremity towards the tunnel junction, compatible with a gradient of In content in this direction.

The doping profile could also affect the emission shift. The n-doping leads to band gap narrowing phenomena and thus could also be addressed for the red-shift close to the extremity of the NW 176 .

On the other side, the expected effect of p-doping on the luminescence emission is a blue-shift as experimentally observed by Wu et al. 177 , suggesting that in the p-InGaP zone the red-shift associated to the alloy gradient could be partially compensated by the increase of acceptor atoms. 
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The variation of the emission in the InP segments is significant as well. As it can be observed, it follows a non-monotonic trend being characterized by a red-shift from the central part of the segment towards the extremity of the NWs and the tunnel junction. The most energetic peak is emitted from the central part of the NWs: in this position the luminescence spectrum is peaked at 1.422 eV (872 nm) which corresponds to the low T band gap of undoped InP. The redshift observed in the p-doped segment can be perfectly explained by the doping-induced luminescence shift since both n-and p-doping lead to a band gap narrowing in bulk InP [START_REF] Van Weert | Large redshift in photoluminescence of p-doped InP nanowires induced by Fermi-level pinning[END_REF] . On the contrary, n-doping is expected to induce a blue-shift in the InP CL emission, while lower energy photons are emitted when carriers are generated in the n-doped segment. The hypothesis of a compositional variation due to Ga diffusion in the binary compound is not compatible with this behavior since it would induce a blue-shift of the emission energy. Considering that this result is highly reproducible (5-10 NWs for each sample were analyzed), additional measurements are required to understand the spectral variation of the CL emission in these structures.

In conclusion, both structures present the same intra-wire features, which are an In gradient in the ternary alloy resulting in a red-shift of the PL spectra from the extremity to the tunnel junction and a doping-induced emission shift in the InP segment. The presence of a mixed crystal phase could also be the cause of a slight emission blue-shift at room temperature. A similar spectral variation is found by analyzing the emission at the CL map intensity maxima points over several NWs, suggesting that the luminescence intensity is independent on the emission wavelength. This variation of the local radiative recombination within single NW needs to be investigated to have a comprehensive understanding of the fundamental phenomena in these complex structures.

Analysis of the CL intensity profiles

In both types of NWs, CL maps at room and low temperature show peculiar intensity profiles.

In this Section, the profiles at room temperature are described and investigated in more detail. The CL intensity is visualized in the map by integrating, for each pixel, the emitted photon flux over a spectral range. In the following, the integration is done over different spectral ranges to produce different maps: panchromatic maps (550-1050 nm), InGaP map (650-750 nm) and InP map (830-950 nm).

The CL maps and corresponding intensity profiles are displayed in Both profiles are representative of the internal structure of the NWs, being reproducible over several NWs. For this reason, the origin of these peculiar profiles is believed to be the local radiative recombination efficiency in the NWs which is reduced in the depletion region of a junction where the built-in field split the carriers, decreasing their recombination as discussed in Section 1.1.2.

To verify this hypothesis EBIC and CL maps and profiles are compared. Indeed, assuming a constant non-radiative rate, in ideal cases EBIC and CL maps are perfectly complementary. In real cases, this is not true since many carrier losses occur within the device. For instance, carrier losses at the contact could limit the charge collection in the EBIC map, while the luminescence emission would not be affected. Other differences could arise from the electrical working point during the In panel a, the top InGaP segment shows a weak minimum in the position of the depletion region giving rise to two maxima points (highlighted by the red arrow). However, the EBIC map shows no electrical activity is this zone. The small reduction of the CL intensity could be due to the presence of weak electric field producing an induced current below the sensitivity of the EBIC setup. Moving towards the central part of the NW, the CL intensity decreases corresponding to an increase of the EBIC signal, previously addressed to a p + /p -InGaP interface. In the InP segment the CL intensity is weak and it reaches its maximum just below the tunnel junction and then decreases towards the bottom extremity of the NW. The low luminescence intensity in the bottom segment (highlighted by the blue arrow) does not correspond to the presence of an internal electric field considering that the EBIC analysis done in Section 4.2.1 indicates that no active junction is present in the bottom part of dispersed NWs. Hence, the strong reduction of the luminescence in this zone cannot be related to the excess carrier drift. Most likely this CL intensity reduction is related to a strong increase of non-radiative recombination due to the presence of an additional cleavage plane which is increasing the non-radiative rate in its vicinity. Concerning the InGaP/InP NWs, the large SCR in the top segment is perfectly compatible with the absence of CL in this zonethe carriers are efficiently separated by the field before recombining radiatively. Moreover, the localized luminescence emitted by the InGaP alloy is exactly located between the top junction and the tunnel junction, confirming that CL maps are sensitive to depletion regions and thus they are complementary to EBIC maps. Also in this case, the bottom part of the NWs is characterized by a single luminescence maximum with a profile strongly decreasing towards the extremity. Looking at the corresponding profile plot, CL and EBIC appear highly complementary, except for the bottom part of the NW, where the CL decrease can be associated to an increase of non-radiative recombinations close to the extremity as in the previous case. This analysis points out that the comparison of CL and EBIC maps can be a powerful way to get insight into the internal structure of the NW. However, the investigation on dispersed NWs strongly limits the analysis of the bottom segment due to an increase of the non-radiative recombination rate. For this reason, the same EBIC/CL comparison is performed on vertical NWs. 
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As it can be observed in panels a and b, the comparison of EBIC and CL maps and profile in the top segments leads to the same result and conclusions: in the InP/InGaP NWs the top junction exhibits no EBIC signal but a weak localized CL decrease, while in the InGaP/InP NWs the top junction is widely depleted producing a measurable induced current and thus the CL is strongly reduced.

The bottom segments, instead, present significant differences with respect to the case of dispersed NWs. In this zone the InP/InGaP NWs exhibit two very weak maxima located just below the tunnel junction and just above the NW/substrate interface. In between, the induced current displayed in the EBIC map indicates a wide collection region. It is interesting to notice that both the CL and EBIC signals are maxima close to the TJ, while they both decrease towards the NW/substrate interface. This can indicate an increase of the non-radiative recombinations. This effect is anyway less significant than in dispersed NWs.

The bottom segment of the InGaP/InP NWs, on the contrary, show a weak CL intensity very close to the substrate and no EBIC signal. Interestingly, the CL emission is lower than in the case of dispersed NWs. This result is consistent with the analysis of the bottom junction discussed in Section 4.2.1. Due to an irregular voltage distribution, under reverse bias excess carriers are collected only from the top junction and no EBIC signal is observed from the bottom one.

Therefore, excess carriers are drifted apart more efficiently in the top junction and thus no CL emission is observed in the top junction region, while in the bottom junction a weak luminescence can be detected. As mentioned before, further investigation would be needed to assess the voltagedependent variation of the band diagram and thus the exact relation between EBIC and CL maps. However, the CL map for this structure already confirms a reduced radiative recombination efficiency in the depleted regions highlighting the necessary improvements to achieve a working dual junction NW solar cells.

The zones where the CL emission is significant are (i) in between the top and the tunnel junction and (ii) close to the NW/substrate interface. It is likely that in both cases the luminescence arises from non-depleted regions, i.e. between different junctions. The luminescence close to the NW/substrate interface, however, shows interesting spectral features. Observing the CL profiles in this zone, it can be noticed that contributions from both InP and InGaP are present. In Figure 4.17c-e high magnification InGaP and InP CL maps of this zone are reported, together with the CL spectra along the main axis. Panel c shows that, as expected, the bottom segment consists of InGaP with an emission that is red-shifting in the growth direction (highlighted by a red line), consistently with the results reported in Section 4.2.2. On the contrary, panel d indicates that surprisingly the NW extremity in contact with the substrate has an emission closer to the pure binary compound. The CL maps clearly show that this emission is detected when the NW pedestal is excited and the weak luminescence in the substrate suggest that this emission does not originate from the substrate. Observing the corresponding spectra, the emission is blue-shifting in the growth direction (highlighted by a blue line). The result is consistent with the presence of two In(1-x)GaxP alloys, having the bottom one a lower Ga content which is increasing in the growth direction and the upper one a higher Ga content decreasing in the growth direction. The origin of the Ga-poor alloy can be related to the InP pre-anneal nucleation step developed to pin the catalyst droplets to the substrate prior to the growth, as discussed in Section 4.2.1.

Summary of the Chapter

The development of fully nanostructured dual junction devices is a challenge that not only can push forward the state of the art of NWs solar cells but can also open new possibilities for new efficient flexible solar cells and Si-integrated devices.

To obtain highly ordered NW arrays, the growth team of Lund University (where all the samples discussed in this Chapter are grown) developed a NIL process consisting of several steps which allows to grow identical NWs on large areas. In this Chapter, the effect of the pattern preservation step on the internal structure of the NWs is investigated, comparing the use of a SiN mask to the implementation of a pre-anneal InP nucleation step. Single NW EBIC mapping and I(V) measurements were performed, revealing that the two approaches alter significantly the doping incorporation during the early stage of the NW growth.

As seen also in Chapter 3, one of the most important and difficult challenges to fabricate nanostructured TSC is the growth of a tunnel junction (or Esaki diode) within NWs. In this Chapter, InP/InGaP tunnel junctions grown in different ways are characterized. Both EBIC microscopy and I(V) curves show the presence of an active hetero-junction. A negative differential resistance, indicating the occurrence of tunneling across the junction, was measured for all the proposed structures. However, the tunneling properties are found to differ in the various samples, due to the dopant incorporation kinetics in InGaP as reported in ref. 152 for similar samples.

Finally, the first attempt to produce a dual junction InP/InGaP NWs is described. To analyze the complex internal structure, EBIC and CL maps are performed on both dispersed and standing NWs. The analysis shows that the doping incorporation kinetics, previously assessed, plays a fundamental role, strongly affecting the band alignment in the different segments. Moreover, the ability to collect charges from both junctions is hindered by an inhomogeneous voltage drop distribution along the NW. To overcome these issues, the fabrication of the tunnel junction needs to be improved in order to form a suitable connection element between the top and the bottom junction. However, the combination of EBIC and CL mapping allows to probe not only the charge collection and the emitted luminescence spectra but also the variation of non-radiative recombination phenomena. By superposing the signal obtained from both techniques, CL and EBIC maps are found to be complementary, except for the regions where non-radiative recombinations are somehow enhanced.

Conclusions and Perspectives

The work reported in this Thesis aims to investigate the properties of III-V NWs in view of the This analysis highlights the advantage of using a radial architecture, since the active junction area is increased by a factor of 38 with respect to the NWs footprint surface. In addition, by comparing the EBIC map with the crystal structure obtained by STEM, it is revealed that the presence of the nominally intrinsic segment formed during the Ga droplet crystallization does not affect the charge collection. By fitting the experimental data with a numerical simulation based on an equivalent circuit, the junction parameters of a single NW are also estimated, showing that these wires are characterized by a high shunt resistance and a low saturation current. The only limitation for an efficient photovoltaic conversion observed during this investigation on individual NWs concerns the EBIC collected current, which is below the expectations. For this reason, the internal structure was modified in the following samples by enlarging the internal core diameter (thus reducing the series resistance of the NWs). In this way the collected current was successfully increased. Other samples were grown with a GaAs core and an AlGaAs shell containing the radial junction (axial AlGaAs growth is hindered by oxidation of Al prior to the nucleation stage), in order to approach the optimal 1.7 eV band-gap for a tandem solar cell with Si. These samples, grown under the "guidance" of the EBIC maps on single NWs, maintained the favorable electrical properties previously described together with an enhanced collected current.

Although the nanoscale properties indicate that these NWs are suitable to obtain high conversion efficiency, the fabrication of mm-sized devices presents many challenges and the characterization at the array level revealed several issues that limit the light conversion.

In particular, two major issues have been found to be critical for the performance of these NW solar cells: the top contact and the NW-to-NW homogeneity. As a top contact, sputtered ITO has been used as transparent and conductive contact. EBIC maps on the whole array shows that ITO forms a Schottky barrier with the NWs, affecting the FF of the devices. By means of an annealing treatment, both the conduction properties and the ITO/NW interface have been improved, although it was not possible to achieve an ohmic contact. In addition, by increasing the doping level in the passivation shell in the NWs containing an AlGaAs junction, FF was further improved. However, these two approaches were not dramatically effective since the Schottky barrier was still present.

The measurements of the devices' performance under solar irradiation (performed by Dr. Julie Goffard) and power-dependent measurement show that also the in-plane resistance of the ITO is too high to ensure an efficient collection and the highest conversion efficiency achieved was measured to be 0.3%. Therefore, it appears clear that the optimization of the top contact is a critical step required in the following research works. Indeed, a throughout analysis of the ITO sputtering conditions would be beneficial to reduce the in-plane resistance. However, achieving an ohmic contact with a transparent conductive material may require an additional effort since other solutions than ITO should be explored (for instance ZnO). Given the criticality of this step on the overall performance, a dedicated investigation would be beneficial.

By simulating the performance of an equivalent device with an ohmic top contact and reduced series resistance, the conversion efficiency of our NW array is estimated close to 1%, which is significantly lower than the actual state-of-the-art (around 15%). This discrepancy is attributed to the heterogenous properties of NWs grown by self-assembled mechanism. The distinct electrical doping level. Although several assumptions must be taken into account to apply this method to the case of a n-InGaP/p-Si heterojunction, the average estimated doping level is consistent with the reports in the literature. Indeed, improvements to the model and to the data extraction from EBIC maps could lead to a non-destructive reliable approach to estimate doping level in NWs, which is, still nowadays, a major challenge for the NWs community. For this purpose, the development of simulation tools to predict the EBIC profile as a function of the electron beam interaction volume and of the internal structure of the wire would decrease statistical errors by improving the estimation of the space charge region extension. The optimization of this characterization method could be extremely useful to get insight into the dopant incorporation mechanisms and therefore to optimize doping level in challenging electrical elements such as tunnel junctions, which are fundamental for nanostructured tandem solar cells.

After the optimization of the n-doping, the first InGaP NWs grown by TASE containing an axial p-n junction were investigated. EBIC microscopy revealed the electrical activity of the homojunction in the ternary alloy, and after fabrication of a device, generated photocurrent has been observed under light irradiation. Unfortunately, a further development of these NWs was not achieved due to two main problems: (i) InGaP NWs containing the axial p-n junction are subject to a doping-induced compositional variation, which leads to Ga% close to 55% in the p-segment;

(ii) dopant incorporation control with TASE is still not mature enough to obtain a working Esaki diode embedded in a ternary alloy. I am confident that further research on the growth of these NWs would help to overcome these issues and that TASE approach could be used to demonstrate the first nanostructure tandem solar cells with a ternary alloy top cell.

GaAs NWs were investigated in the second part of the work, aiming to reproduce (and eventually improve) the results obtained in ref. [START_REF] Yao | Tandem Solar Cells Using GaAs Nanowires on Si: Design, Fabrication, and Observation of Voltage Addition[END_REF] . First, p ++ -GaAs NWs were grown on n ++ -Si to form a nominal tunnel junction. EBIC mapping on single NWs revealed no charge tunneling across the junction. However, measuring the I(V) characteristics of the array, the typical negative differential resistance of a tunnel junction is observed at T<150 K.

A more advanced structure, containing a GaAs junction on top of the previous tunnel diode is finally explored. The investigation of individual NWs shows a very important result concerning the growth in series of these two elements since no variation of the electrical properties of the GaAs/Si tunnel element occurs after the junction growth. However, the GaAs junction shows a narrow collection region in EBIC due to a significant influence of the surface recombination rate on the charge collection. This was proved by comparing as-grown samples and samples with a passivation layer form by a chemical treatment in hydrazine (N2H4) solution. N2H4, in fact, forms a passivating GaN monolayer on the outer surface, which saturates the dangling bonds of the surface 156,157 . From the EBIC analysis it is found that after the treatment the minority carrier diffusion length in n-GaAs and the depletion region are increased after the passivation treatment whereas the electron diffusion in p-GaAs is not affected. Although this treatment is effective for characterization purpose, its use for an efficient passivation of the surface is unlikely since no electronic barrier is provided by the GaN monolayer. Therefore, alternative passivation strategies should be investigated since, at the present moment, the radial growth of a passivation shell cannot be implemented during the growth of NWs by TASE. A two-step procedure with the template removal followed either by an epitaxial overgrowth with a higher bandgap material or by an ALD deposition of a dedicated dielectric layer can be investigated. Enrique Barrigon for the useful discussions on the topic.

To achieve an ordered array of efficient dual junction NWs, several technological and scientific challenges have been faced during the last years. First, the homogeneity of the NWs and the control of their position over the surface achieved by nano-imprinting lithography was highly dependent on the pattern preservation approach used to hinder the catalyst displacement before the NWs growth. For this reason, I investigated by charge collection microscopy the properties of InGaP NWs containing a p-i-n axial junction, grown implementing two promising pattern preservation methods. The results showed that although the two methods were equivalent in terms of positionand morphological-control of the NW array, the axial band profile of the NWs was affected since different charge collection properties were observed in EBIC mapping. Afterwards, two different InGaP/InP NWs containing an Esaki diode were investigated. Both EBIC microscopy and I(V) characteristics on single NWs show that the growth of an efficient Esaki diode is more difficult when the InGaP segment is grown on the InP one, probably due to the slow kinetics of the pdopant incorporation mechanism in the InGaP which results in a reduced doping level across the junction, as reported in ref. 152 . During this work, the characteristic negative differential resistance of the Esaki diodes has been observed in NWs contacted with in-situ nanomanipulators for the first time. However, to enhance the reliability of this measurement some improvements are required.

In particular, the tungsten tip of the nano-manipulators tends to form a Schottky contact with many III-V compounds, hence decreasing the sensitivity of the measurements. The use of other metal (or metal alloy) coatings could be a solution for this problem; it is to be noticed that the problem is not trivial since the nanometric size of the metal tip should be maintained to ensure the necessary precision to contact a single NW.

Finally, the first prototype of dual junction InP/InGaP NW array was investigated. To analyze the complex internal structure, EBIC and CL maps are performed on both dispersed and standing NWs. The combination of EBIC and CL maps allowed to probe both the charge collection and the emitted luminescence spectra and therefore to get insight into the local non-radiative recombination rate. By superposing the signal obtained from both techniques, CL and EBIC maps were found to be complementary, except for the regions where non-radiative recombination rate was somehow enhanced. The analysis showed that the properties of the Esaki diode are maintained when grown between the two junctions. In addition, the electrical properties of the tunnel junction play a fundamental role, strongly affecting the band alignment in the different segments. In fact, the ability to collect charges from both junctions is hindered by an inhomogeneous voltage drop distribution along the NW, probably due to the non-optimal working point of the Esaki diode. To overcome these issues, the fabrication of the tunnel junction needs to be improved so that it can form a suitable connection element between the top and the bottom junction. A systematic study of the dual junction NWs containing different TJ could help to clarify how the growth parameters influence the overall electrical characteristic in single NWs. In addition, an investigation at the device level of the behavior under irradiation would be interesting to study and, eventually, to model the response of a high number of NWs in parallel. Although the last comment was already pointed out for the core/shell NWs described in Chapter 2, in the case of a dual junction the understanding of the phenomena at the device level is even more critical since NWs contacted in parallel contains several junctions connected in series. The reference cell is characterized under solar simulator as described in Section 2.3.2. The results are reported in panels d and e. The J(V) curve of the device presents negligible leakage current and very low Rs (around 2 Ω). Under 1 Sun exposure, the cell exhibits an efficiency around 2.1% (PV parameters reported in panels e). The efficiency is limited by the presence of the high doped GaAs contact layer on top (which should have been, but was not etched away before measurements) which is strongly reducing the conversion of photons with λ≤800 nm, as shown in the EQE spectra in panel f. The cell is cleaved and cross-sectional EBIC mapping is performed at 5 kV acceleration voltage and 43 pA impinging current. The cleaved edge is not passivated in order to have a reference of the charge collection in a very unfavourable condition since in NWs surface effects are highly dominant and surface recombination can be a limiting issue.

By probing a bare cross-sectional surface, the measured EBIC signal is homogeneous over the whole width of the scanned area at any magnification (panel g). The signal is localized at the p-n junction interface, as indicated by the SE contrast. By tracing the EBIC profile on a line perpendicular to the p-n interface (panel h), the junction parameters are estimated. SCR width is measured around 100 nm, and diffusion lengths are estimated to be 85 nm and 153 nm respectively for holes in the n-part and electrons in the p-part. These values are 1 order of magnitude lower than the established Ldiff for thin film GaAs 179,180 , and comparable to minority carrier diffusion length in unpassivated GaAs NWs 154 . the ITO and excite e -/h + pairs in the NW but no induced current can be collected from the NW. On the contrary, after the cleavage (panel f) a clear signal is collected from the center of the NWs. To be noticed that the induced current collected from different NWs is not homogenous. Considering that the electrical connection to the shell is provided by the ITO on the remaining lateral surface of the NW, it is likely that the current collected from each NW is strongly dependent on the random cleavage point. Thus, this analysis cannot address NW-to-NW homogeneity of the electrical properties.

A2. Radial Ldiff measurements in core/shell GaAs NWs

However, NWs presenting a significant charge collection can offer insight on the inner junction and the charge transport in the radial direction. For this purpose, the SEM image of a single cleaved NW and the corresponding EBIC map are reported in panels g and h. The SEM image shows clearly two different regions: a bright thin outer shell compatible with the AlGaAs/GaAs passivation layer and the inner core/shell NW. By analyzing the SEM variation into the GaAs NW, it is possible to define the p-core which is exhibiting a brighter contrast than the surrounding nshell (the core is delimited by dashed orange lines) [START_REF] Volotsenko | Secondary electron doping contrast: Theory based on scanning electron microscope and Kelvin probe force microscopy measurements[END_REF][START_REF] Narchi | Surface potential investigation on interdigitated back contact solar cells by Scanning Electron Microscopy and Kelvin Probe Force Microscopy: Effect of electrical bias[END_REF] .

Using this reference, the EBIC map of the cleaved NW is analyzed (panels h). The EBIC map shows a flat carrier collection in the core and a diffusive transport in the surrounding shell. This result is confirmed by comparing the EBIC profile across the center of the NW with the position of the core, previously defined. In fact, it can be observed from the profile an increase of the induced current collected from the shell when moving toward the core/shell interface and a constant EBIC profile within the core. The result is reproducible in several NWs.

By fitting the EBIC profile with an exponential function, the hole diffusion length in the n-GaAs shell is estimated around 153±80 nm. The large deviation is mainly due to a high dispersion of values from NW to NW, presumably dependent on the cleaved surface condition. However, this value can be considered under-estimated with respect to the minority carrier diffusion length in entire NW, as in the case of the samples described in Chapter 2. Thus, it can be concluded that charge collection in radial direction occurs efficiently in NWs with a shell thickness lower than 150 nm.

Assumption III: The boundaries of the depletion region are measured with a spatial resolution of around 50 nm (Wint/2) in the experimental conditions.

Let's consider an ideal case of a point-wise electron beam/NW interaction (i.e. the interaction volume width Wint is equal to 0). As shown in Figure A.3c, the axial EBIC profile resulting from the simple 1D model taken into account would be characterized by a sharp distinction between diffusive and drift carrier transport (red curve in panel a) and so the space charge region boundaries can be localized exactly. In real cases (non-point interaction and so Wint ≠0, black curve) the convolution of the interaction volume with the NWs geometry and the electric field variation along the axis would be needed. However, it is possible to consider the EBIC profile as for the ideal case when the interaction volume is entirely within either a diffusion or a drift region. On the contrary, the EBIC profile strongly differ from the ideal curve close to the boundaries. Therefore, by fitting the diffusion tail in the EBIC profile with an exponential function, it is possible to identify the boundaries of the SCR by the deviation of the real profile from the fitting curve (green stars in panel a). Using this approach, the position of the depletion region boundaries can be localized with a spatial resolution equal to the half of the interaction volume width. In This error leads to an overestimation of the depletion region width and thus an underestimation of the doping level.

Another source of error comes from the localization of the junction interface by voltage induced secondary electron contrast. In fact, the spatial resolution of the two sides of the junction is ultimately limited either by the SE imaging or by the Debye length, as pointed out in similar works [START_REF] Tchoulfian | Direct Imaging of p-n Junction in Core-Shell GaN Wires[END_REF] . Since the Debye length was estimated to be less than 7 nm for doping level in the 4 × 10 17 cm -3 range * (the lowest estimated value), the localization of this interface is limited by the resolution of the SE imaging which is close to 10 nm.

* The Debye length is evaluated as LDebye= [(εInGaP × kbT)/(q 2 × n)] 1/2 As discussed in Chapter 1, EBIC microscopy is sensitive to the direction of the probed electric fields which determines the measured current flow. In particular, the current collected close to a Schottky contact depends on the type of doping in the semiconductor since due to the depletion, the bending is always upwards for p-doped and always downwards for n-doping (panels c and d).

A4. Doping type evaluation by EBIC analysis on Schottky contacts

To validate the doping type assessment, GaAsP NWs containing an axial junction, (GaAsP:Be/ GaAsP:Si) were grown and investigated. The characteristic EBIC signal of a p-n junction has been observed (panel e) in correspondence of a variation of the SE profile associated to a doping variation, therefore confirming the donor nature of Si dopants in GaAsP NWs grown in these conditions. By analyzing the profile, the Ldiff and doping level have been estimated for both the p-GaAsP (around 46 nm and 4.5*10 18 cm -3 ) and the n-GaAsP segments (around 67 nm and 3*10 18 cm -3 ). *

Si:H stripe regions. Finally, indium tin oxide (ITO) and copper are deposited on both regions in an interdigitated back contact design with 80 μm between each contact. To provide an accurate comparison, the areas scanned by the two techniques are adjacent to each other and an accurate repositioning is achieved thanks to a nano-indentation (performed by AFM) between the contacts.

For both SEM and KPFM, measurements are performed at different values of the electrical bias applied between the Cu/ITO/p + α-Si:H and the Cu/ITO/n + α-Si:H contacts. In all measurements, the Cu/ITO/p + α-Si:H contact is grounded. The nanoscale analysis here reported allowed to identify correctly two major issues of the device and thus to develop a novel device fabrication which overcomes these problems. As shown in Figure B.2f it was possible to improve significantly the performance of the device, initially emitting green light with a poor wire yield and finally turn into a blue LEDs with around 65% wire yield. More details on the characterization and the process of these type of devices can be found in refs. [START_REF] Tchernycheva | Core-shell InGaN/GaN nanowire light emitting diodes analyzed by electron beam induced current microscopy and cathodoluminescence mapping[END_REF]190 . 

B3. EBIC/CL analysis of GaN/AlN NWs photodetectors

GaN NWs have been extensively studied for photodetection application in the UV range and GaN/AlN NWs were demonstrated to be a suitable system for UV-photodetection. [START_REF] Rigutti | Investigation of the electronic transport in GaN nanowires containing GaN/AlN quantum discs[END_REF]191,192 . Indeed, the insertion of AlN barriers and GaN disks help to improve the performance by reducing the dark current and improving the photoconductive gain of these nanoobjects [START_REF] Rigutti | Investigation of the electronic transport in GaN nanowires containing GaN/AlN quantum discs[END_REF]193,194 . One of the main 
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  Photocurrent generationCharacteristic of the diode in dark conditions

  a) Energy losses and conversion for a solar cell with Eg=1.4 eV; b) Maximum theoretical efficiency of single junction as a function of the band gap energy and certified efficiency of several solar cells depending on the material (from ref. 11 )

  Concerning III-V NWs, in the last 5 years several solar cells have been demonstrated with different materials and conversion efficiencies. In 2016 Åberg and coworker[START_REF] Aberg | A GaAs Nanowire Array Solar Cell With 15.3% Efficiency at 1 Sun[END_REF] demonstrated a GaAs NWs solar cell with an efficiency of 15.3% (Figure 1.11b). GaAs NWs containing an axial junction were grown by MOCVD on a patterned substrate and an AlGaAs passivation shell was added to reduce surface recombination velocity. In this work, electron beam induced current microscopy has been used to investigate charge collection of individual NWs. In 2013 Wallentin et al. 61 reported the fabrication of a bottom-up axial InP NWs solar cell, covered in conformal SiOx to insulate the active region and contacted with a transparent conductive oxide (TCO). The certified efficiency of the cell was 13.8% (Figure 1.11c) but recently the same group established a new record for this type of cells achieving a 15% conversion efficiency 62 . The same type of devices was fabricated with a top-down approach by van Dam et al. in 2016 63 , where the NWs were etched out from epitaxially grown 2D InP layers. This solar cell reached an efficiency of 17.8%, mainly due to an increase of the short-circuit current with respect to the corresponding bottom-up device. a) SEM image and characteristic of a radial α-Si NWs solar cells with 12.43% efficiency; b) SEM image and characteristic of an axial GaAs NWs solar cells with 15.3% efficiency; c) SEM image and characteristic of an axial InP NWs solar cells with 13.8% efficiency; d) SEM image and characteristic of an axial top-down InP NWs solar cell with 17.8% efficiency.

(Figure 1 .

 1 12b). By analyzing the conversion properties of each junction, it was observed that in the tandem configuration the short-circuit current was limited by the GaAs top cell, while the open circuit voltage was close to the sum of the two contributions (Figure 1.12c). This tandem device achieved a conversion efficiency of 11.4%. a) Structure of the NWs tandem solar cells used by R.R. LaPierre for the theoretical evaluation of the optimal top cell parameters; b) Schematic of a GaAs NWs-on-Si tandem solar cell and (c) corresponding characteristic curves for each junction and for the tandem. The efficiency of the TSC is 11.4%. Panel a) is taken from ref.

  a) Schematic picture of different signals generated during the electron beam/matter interaction; b) Examples of characterization techniques based on a scanning electron probe (surface morphology visualized by secondary electrons, CL, EBIC).

  Geometrical properties of the interaction volume: a) Generated carrier density as a function of the acceleration voltage and beam current; b) Injected electrons energy distribution in a 2D layer; c) Trajectories of electrons injected in a free-standing (horizontal) NW. Panels b) and c) are evaluated by means of a MonteCarlo simulation performed with the Casino software.

  a) Schematic representation of EBIC mapping working principle; b) Schematic of planar and transversal modes of operation: the black arrows indicate the direction of the electron beam and the green arrows indicate the electric field direction (W indicates the extension of the space charge region); c) Examples of electrical contacts on single NWs by metal deposition and by in-situ nano-manipulator; d)SEM microscope and probe shuttle used in this Ph.D. thesis for the EBIC measurements.

Figure 1 .

 1 Figure 1.15d. During my Ph.D., together with the precious help from Dr. Fabien Bayle, I developed several contacting protocols to overcome the problematics previously discussed concerning the geometry of the samples and the modes of operation.

  Simplified layout of the Attolight SEM CL/TR-CL/EBIC setup used in this Thesis.The emitted light is collected by a parabolic mirror, directed out of the microscope and analyzed by a monochromator and a detector array (for steady state operation, a silicon CCD is used for visible and near-infrared wavelengths up to 1.1 µm, and InGaAs detector arrays can be used for wavelengths up to 1.7 µm). The electron beam current is usually in the nA range. However, it can be tuned from a few tens of pA up to a few tens of nA, depending on the radiative efficiency and the high/low injection regime targeted. A He cryostat allows cooling down the sample to a temperature of 5-10 K. The stability of the sample stage is a key factor for high-resolution CL maps of single NWs with low radiative efficiencies. The drift can reach values as low as 200 nm/hour, allowing high-resolution mapping of single NWs with total integration times up to several tens of minutes.

(

  without Be flux), while decreasing the temperature to 460 °C. The following shells are grown under Ga and As -and Al fluxes for the growth of AlGaAs shells -keeping the temperature equal to 460°C. Also for the AlGaAs shells, Be and Si fluxes are used to provide respectively p-and ntype doping. To improve the photovoltaic properties, the NWs are covered with a double Al0.5Ga0.5As/GaAs passivation shell. The epitaxially grown AlGaAs passivation shell provides an effective potential barrier decreasing the surface recombination velocity and creating a band bending which favors the collection of generated charges 116 . The final GaAs passivation shell provides a chemical barrier to the atmospheric environment, preventing the Al oxidation which can degrade the passivation properties of the AlGaAs layer 117 .

Figure 2 . 1 .

 21 Figure 2.1. The samples are labelled indicating the material of the active junction (GaAs or AlGaAs) and the internal structure (p-n or p-i-n). Samples made of the same material and the same structure are differentiated by (t) or (T), corresponding respectively to a "thin" and a "Thick" core diameter.

Figure 2 . 1

 21 Figure 2.1 Schematic representation of the set of samples. For the sake of clarity, the AlGaAs/GaAs passivation shells are not represented. The color code for the different materials is reported on the left.

Figure 2 .

 2 Figure 2.2 provides an example of the structural analysis for the sample GaAs/p-n(t). The results concerning the growth of the GaAs core and the composition of the passivation shell can be generalized to the whole set of samples. In Figure 2.2a, it is possible to recognize two different regions along the NW core, corresponding to different growth stages: the first one is ~715 nm long and corresponds to the VLS growth of the p-GaAs core and presents a zinc-blende (ZB) structure with some stacking faults (twins). Generally, the length of this zone is around 70±5 % of the total length of the NW. The presence of stacking faults can be due to the relatively high V/III flux ratio used for the growth of these NWs. The inset of Fig 2.2a shows a HAADF image under higher magnification. Stacking faults yield a bright contrast in the AlGaAs shell. In agreement with EDX analyses this contrast is associated with a local reduction of the Al content.The succeeding zone (240±20 nm) is the sequence grown during the Ga droplet consumption, with a first ZB segment with a high density of stacking faults, then a second segment with a

Figure 2 .

 2 Figure 2.2 a) HAADF-STEM image (with [11-2] zone axis) of a typical GaAs/p-n(t) NW with AlxGa1-xAs/GaAs passivation shells, showing different regions along the NW. Inset: magnified image showing the thickness of the AlxGa1-xAs and final GaAs shells and the composition inhomogeneity in the AlxGa1-xAs shell due to the presence of stacking-faults. b) EDX mapping of Al and Ga. Inset: the corresponding HAADF-STEM image (with [11-2] zone axis). The scale bars are 50 nm.

  the forward regime, the I(V) curves under excitation are characterized by an open circuit voltage (Voc) around 0.36±0.04 V and an increased slope of the I(V) curve indicating a decrease of the series resistance (Figure2.3b). Even though this result is obtained under an electron beam excitation and thus no PV conversion efficiency can be extrapolated, it is worthy to notice that in * The opening voltage is evaluated as the voltage corresponding to the maximum of the curve 𝑑𝑙𝑛(𝐼) 𝑑𝑉 , i.e. from the inflection of the I(V) characteristicFigure 2.12.

Figure 2 .

 2 4 corresponds to the radial p-n junction. The collected current is constant along the whole length of the NW, indicating an efficient radial drift of the induced carriers and their transport by the core and the shell. The portion of the NW with the homogeneous current collection (region III) represents about 80% of the total NW length corresponding to the length of the core measured by TEM. This portion corresponds to a cylindrical junction area with an extension 38 times higher than the NW footprint, underlining the advantage of the core/shell architecture with respect to the axial one for materials with a low minority carrier diffusion length, since the depleted region can be increased by almost 40 times with the same amount of material.

Figure 2 . 4

 24 Figure 2.4 The EBIC profile along the NW axis at -1.5 V bias applied compared to the schematic of the NW. The green dotted oval indicates the interface between the GaAs core/shell junction and the SiOx layer on the substrate and the induced current collected in this area. Dotted lines are used to define the three regions with different transport regimes discussed in the text (I: diffusive transport; II: mixed diffusion and drift transport; III: carriers' lateral drift and diffusion to the junction).

Figure 2 .

 2 5a) which represents the radial NW junction as an ensemble of a large number of sub-cells. Each sub-cell consists of a series resistance (Rs), a shunt resistance (Rsh), an ideal diode (described by its saturation current Isat and its ideality factor n) and a current generator (Iillum) to account for the generated current under electron beam irradiation (Figure2.5b). Without electron beam irradiation, Iillum=0. The different sub-cells are connected by the core (Rcore) and shell (Rshell) resistances. For a realistic modeling of a continuous radial junction, the number of sub-cells in the circuit is increased until the resulting values per unit length remain unchanged within the desired accuracy. A total number of 100 subcells was fixed in the following discussion.

Figure 2 .

 2 Figure 2.5 a) Multi-diode equivalent circuit for a single NW containing one core/shell junction; b) Electrical elements of each subcell; c) Schematic of a NW overlapping with the equivalent circuit.

Figure 2 . 6 I

 26 Figure 2.6 I(V) characteristics in the dark (a) and under electron irradiation (b): dots indicate the experimental values and the continuous line indicates the numerical simulation; c) Experimental and d) simulated EBIC profile along the NW axis at -1.5 V.

  of an oxide layer) and the mechanical force exercised by the manipulator on the NW, which depends on the NW flexibility119,120 .

  . A good fitting of the experimental EBIC profile can be achieved only taking well balanced core and shell

NWs from the 4

 4 Figure 2.7 SEM images and corresponding EBIC maps for single NWs belonging to sample GaAs/p-n(T) (a) and sample AlGaAs/p-n (b) at different Vbias; c) EBIC profiles along the NWs for the different samples under a bias of -1.5V (due to difference in the length, the position along the NW is expressed in percentage of the total length); d) I(V) curves in dark for typical single NWs from the 4 samples.

Figure 2 .

 2 Figure 2.8 a) Schematic of the sample after processing; b) Secondary electron (SE) image of the GaAs NW array protruding from the encapsulation layer covered with ITO. In the inset, a high magnification SE image of a single NW covered by the ITO top contact; c) Semi-logarithmic J(V) curves in the dark.

52 J

 52 -n(t) GaAs/p-n(T) AlGaAs/p-n AlGaAs/p-i-n c) (V) curves were measured in the dark in a probe station equipped with four tips, connected to a Keithley source-meter 2636A. The results shown in Figure 2.8c indicate that a weak rectifying

  In order to understand the origin of the two opposite signals, line profiles were acquired from both the SEM image and the EBIC map enabling the comparison of the electrical signals with the position of the NWs along the scanned surface. Results are shown in Figure 2.9b. For the sake of clarity, the line profile position is indicated by dashed lines in both the SEM image and EBIC map, and the analyzed NWs are labelled from α to ε.

Figure 2 .

 2 Figure 2.9 a) SEM image and corresponding EBIC map of the NW array. The white contrast on the EBIC map corresponds to the radial junction signal while the black contrast is given by a Schottky barrier at the ITO/NWs interface. Dashed lines show the position of the profiles analyzed in panel b). Investigated NWs are labelled as α to ε. b) Induced current profile (black) and SE contrast (blue) are plotted with respect to the position along the dashed lines. c) Schematic of the interaction volume/NW overlap when the electron beam is positioned close to a NW.

Figure 2 .

 2 Figure 2.10 SEM images and corresponding EBIC map before (a) and after (b) the top contact annealing; c) histograms representing the distribution of the EBIC current in the EBIC maps in panels (a) (black line) and in (b) (red line). The vertical axis shows the number of pixels producing a given current reported on the horizontal axis.

Figure 2 .

 2 Figure 2.11 a) Oriel LSC-100 solar simulator and (b) the corresponding 1 Sun spectral irradiance at AM 1.5G.

  .12a and b. All the fabricated devices have a leaky diode-like behavior, characterized by a small opening voltage (0.2-0.3 V) and a large leakage current under reverse voltage. Comparing the J(V) curves, it can be observed that the different devices have similar characteristics with a weak rectifying behavior except for sample GaAs/p-n(t) (black curve), presenting a more resistive curve. To get an insight into the device electrical properties, the curves are fitted with a two-diode model, where two Shockley terms account for the charge diffusion and recombination contributing to the saturation current 124 . The two-diode equivalent circuit is shown in Figure2.12. This model provides an acceptable fitting for the forward current for all the samples and the diode parameters can be estimated. Concerning the reverse current, Rsh values are strongly underestimated by the model probably because of the high number of NWs contacted in parallel (of the order of 10 6 ) can offer an additional leakage due to their heterogeneous shunt resistance[START_REF] Mikulik | Conductive-probe atomic force microscopy as a characterization tool for nanowire-based solar cells[END_REF] .

Figure 2 . 12

 212 Figure 2.12 Semilogarithmic plot of the J(V) characteristics in dark conditions (a) and under 1 Sun AM1.5G irradiation (b). The equivalent circuit used for the fitting with a two-diode model is reported.

Figure 2 .

 2 Figure 2.13 EQE(λ) acquired on several mesas at different position on the same wafer: (a) GaAs/p-n(T), (b) AlGaAs/p-n, (c) AlGaAs/p-i-n. The arrows in panel a) indicates the correlation between the position of the minimum and the decrease of the EQE at higher λ.

Figure 2 .

 2 Figure 2.14 a) Normalized transmission as a function of the micrometric blade position; b) Corresponding normalized light power as a function of the spot diameter. In the inset, the top-view schematic of a 700 µmside device under laser irradiation.

Figure 2 .

 2 Figure 2.15a and b show the Voc(Pirr) semilogarithmic plots for the thin film GaAs SC and the NW SCs, respectively.

Figure 2 . 15

 215 Figure 2.15 Voc(Pirr) plot for the reference thin film GaAs SC (a) and for the NW devices (b); Jsc(Pirr) plot for the reference thin film GaAs SC (c) and for the NWs devices at low irradiation power (d) and over the whole investigated Pirr range (e); f) Jsc over KP*P ratio, expressed in percentage, as a function of Pirr.

Figure 2 .

 2 Figure 2.16 FF(Pirr) plot for the thin film GaAs SC (a) and the NW devices (b); c) J(V) characteristics at high irradiance ( ̴ 9 Suns) for the different samples (the dashed lines represent FF=25%); d) Example of J(V) characteristic affected by a high series resistance (blue curve) and by a rectifying element opposite to the p-n junction (red curve).In the inset the equivalent circuit is schematized.

Figure 2 .

 2 Figure 2.17 η(Pirr) plot for the thin film GaAs SC (a) and the NWs devices (b); c) (KP*P-Jsc)vs Jsc plot and the corresponding estimated series resistance values; d) Measured and ideal J(V) characteristic for sample AlGaAs/p-i-n.

Figure 3 . 1

 31 Figure 3.1 Process flow of the template fabrication and following NWs growth by TASE.

Figure 3 . 2

 32 Figure 3.2 High resolution cross sectional TEM images (a) in the center and (b) at the edge of a TASEgrown InGaP NW; c) Low T µ-PL spectrum of an InGaP NW array.

Figure 3 .

 3 Figure 3.3 a) Schematic and STEM image of a GaAs NW on Si. The color code legend for the different segments is reported. In the STEM image the lateral colored stripes indicate the nominal segment. b) High resolution STEM image at the GaAs/Si interface corresponding to the red frame in panel a.

Figure 3 .

 3 Figure 3.4 a) Schematic of the hexagonal pattern used for the sample growth; Top view SEM image of the InGaP (b) and GaAsP (c) NW arrays after the template etching. In the insets, high magnification 45° tilted SEM images of the samples.

Figure 3 . 5

 35 Figure 3.5 InGaP NWs. a) Panchromatic CL map of the array. In the inset the corresponding SEM image. b) CL panchromatic intensity of different NWs expressed in percentage (with respect to the brightest NW); filtered CL maps and corresponding spectra in the range of (c, d) 730-900 nm.

  most important result concerns the luminescence of the InGaP alloy. Analyzing different NWs in the sample (Figure 3.5d) the emission range of the InGaP alloy was fluctuating from NWto-NW in the 1.442-1.546 eV range, corresponding to a Ga incorporation of 12-23% (this estimation uses bowing parameters from ref. 141 ). CL maps were acquired also on single NWs dispersed on the substrate to analyze the intra-wire composition homogeneity. The results displayed in Figure 3.6a indicate a blue-shift of the emission in the growth direction (roughly from 1.35 eV to 1.7 eV) consistent with a compositional gradient along the growth direction.

Figure 3 .

 3 Figure 3.6 a) SEM image of a single InGaP NW and corresponding CL maps filtered in different wavelength ranges; b) SEM image and EDX maps of a single NW (structural measurements performed at IBM Research Center, Zürich).

Figure 3 . 7

 37 Figure 3.7 GaAsP NWs. a) Panchromatic CL map of the array. In the inset the corresponding SEM image. Filtered CL maps in the range of (b) 780-840 nm and (c) 930-970 nm. d) High magnification panchromatic CL map and an example of emitted spectrum from a single NW (indicated by the black star). In the inset the SEM image corresponding to the CL map; f) CL spectra acquired from different NWs.

Figure 3 .

 3 Figure 3.8b and c obtained at the top (red window in panel a) and at the bottom (blue window in panel a) of the NW, respectively. No difference in the type of planar defects has been observed between the two regions. A detailed analysis of the interface with the silicon seed was performed in order to detect possible defect formation due to the lattice mismatch. Panel d shows a magnified view of the green squared region highlighted in panel a. Three blue arrows in the HAADF image indicate the regions of the interface exhibiting a lower contrast, that are the locations where the atomic stacking continuity is missing. They are interfacial misfit dislocations which form to release the mismatch strain between both systems 146 , as indicated by the corresponding εyy strain map displayed in Figure 3.8e. The compositional homogeneity of the NWs was addressed by performing quantitative EDX maps by means of a FEI Titan Themis operated at 300 kV and equipped with ChemiSTEM technology. Figure 3.8f shows an overview HAADF-STEM image of one of such undoped NWs. Elemental maps calculated from the EDX spectrum image are shown in the same panel. The composition of the undoped NWs is fairly homogeneous both in the longitudinal and radial direction with In, Ga, and P nearly constant across the entire length of the structure. Few regions show a local slight variation in the Ga/In content. The compositional lineprofiles obtained by averaging the integrated intensities over the whole diameter of the NW are given in panel g. An average GaxIn1-xP composition with x=0.25 ± 0.03 can be obtained for the undoped NWs.

Figure 3 . 8

 38 Figure 3.8 a)-d) HAADF-STEM micrographs recorded along the [1 ̅ 10] zone axis: (a) overview, (b, red frame) a magnified region at the top and (c, blue frame) at the bottom of the NW. (d) Magnified image of a region at the GaxIn1-xP/Si interface corresponding to the green square and corresponding (e) out-of-plane (εyy) strain map. Three misfit dislocations are marked with blue arrows. f) HAADF-STEM image of a typical undoped NW and EDX elemental maps for phosphorous, indium and gallium. (g) Compositional line profiles of P, In and Ga obtained by averaging the integrated intensities over the whole diameter of the NW.

Figure 3 .f

 3 Figure 3.9 a)-d) HAADF-STEM micrographs recorded along the [1 ̅ 10] zone axis: (a) overview with a yellow arrow indicating the transition from the top p + -doped segment to the bottom n --doped section, (b, red frame) a magnified region at the top and (c, blue frame) at the bottom of the p-n doped NW. Defects are highlighted by red dashed lines. d) Magnified image of a region at the GaxIn(1-x)P/Si interface corresponding to the green square. Two misfit dislocations are marked with blue arrows. f) HAADF-STEM image of a typical undoped NW and EDX elemental maps for phosphorous, indium and gallium. g) Bar chart showing the In, Ga, and P content at three different positions averaged for six different NWs. h) CL spectrum image showing the spectra corresponding to the three regions at the bottom, at the top and at the junction interface. The dashed lines highlight the main emissions at 1.73 eV (red), 1.98 eV (light blue) and 1.93 eV (green). i) CL map showing the localization of the main emission peaks and corresponding HAADF-STEM micrograph of the NW.

Figure 3 .

 3 Figure 3.9g shows the CL spectra recorded along the NW and in Figure 3.9h the CL maps is reported. The bottom part of the NW (n-doped section) shows an emission around 1.73 eV while the top part of the crystal (p-doped section) shows an increase in the luminescence energy up to 1.93 eV. This trend agrees with the change in the alloy composition observed in the EDX maps.

  . By analyzing the SE profile (blue line in Figure3.10c), the length of the n-InGaP segment is estimated around 580±50 nm. Below this segment, a strong SE contrast variation associated to the n-InGaP/p-Si hetero-junction can be observed[START_REF] Narchi | Surface potential investigation on interdigitated back contact solar cells by Scanning Electron Microscopy and Kelvin Probe Force Microscopy: Effect of electrical bias[END_REF] . This position coincides with the position of the peak in the collected induced current (black line in Figure3.10c) proving the electrical activity at this interface. The electrical behavior of a single NW is also investigated by measuring the I(V) characteristics (Figure3.10d). Consistently with the EBIC map, a strong diodelike behavior is observed, characterized by an opening knee voltage around 0.5 V. Fitting the curve with a single diode model, the junction's saturation current is estimated around 0.5 pA and the ideality factor around 2.1, while series and shunt resistance are estimated around 400 kΩ and 4 GΩ, respectively. Consistently with the high shunt resistance value, the I(V) curve shows that the leakage current in reverse bias is visibly lower than the current in forward regime (4 orders of magnitude difference between the current values at 1V and -1 V)The combination of EBIC microscopy and VSEC analysis allows to estimate the effective doping level similarly to the work reported by Tchoulfian et al. on radial GaN NWs[START_REF] Tchoulfian | Direct Imaging of p-n Junction in Core-Shell GaN Wires[END_REF] . For this estimation, a 1D model for a simple homo-junction is used, as illustrated in Figure3.11.

Figure 3 . 11

 311 Figure 3.11 Model used for the n-doping estimation. a) Schematic of a p-n junction and the corresponding band diagram; b) 1D charge and voltage distributions considered in the model.

  4): 𝑁 𝑎 | 𝑥 𝑝 | = 𝑁 𝑑 | 𝑥 𝑛 | (3.4) where xp and xn represent the extension of the depletion region respectively in the p-and in the nparts, as indicated in Figure 3.11.

Figure 3 .

 3 Figure 3.12 a) Hole diffusion length in n-doped InGaP NWs as a function of the external bias; b) Donor concentration as a function of the bias for samples grown with Si2H6 flow equal to 0.25 (green), 0.75 (blue), 1.5 (red) and 2.4 (black). Dotted lines indicate the average value for each sample.

  1), it can be concluded that for each sample the estimated average values of the n-doping level are constant with the bias. The error bars indicate the estimated values range over many NWs belonging to the same sample * .

Figure 3 . 13

 313 Figure 3.13 Carrier concentration vs dopant/III flow ratio (adjusted from Lin et al. 151 ) comparing results reported in literature for In0.65Ga0.35P thin films with the doping levels estimated in this work for TASE NWs.

  .14a). A silane flow of 2.3 is used for the doping of the n-InGaP segment. For these NWs, EBIC maps revealed several electrical signals depending on the external bias. Under positive bias, the p-n InGaP homo-junction is electrically active (Figure 3.14b) and the current direction is consistent with the expected direction for the built-in field (positive induced current as indicated by the color code scale in Figure 3.14b). This observation is the first evidence of generated charge collection in ternary alloys p-n junction NWs grown by TASE.

Figure 3 .

 3 Figure 3.14 a) Schematic of a NW containing an InGaP p-n junction; SEM images of a single NW with the corresponding EBIC signals at Vbias = +4 V (b) and Vbias = -4 V (c) overlapped (the current is represented by a temperature color scale reported below each panel); d) EBIC profile at Vbias = +4 V (in red) and Vbias = -4 V (in black) extracted along the main axis of the NW in panels (b) and (c); e) Photocurrent produced by the whole NW array alternating dark conditions and white light illumination.

A

  fundamental step for the development of working TSCs is the design, growth and characterization of the tunnel junction (TJ) connecting the top and the bottom cells. To produce a tunnel hetero-junction, p + -GaAs NWs were grown on top of n + -Si. The growth conditions are described in Section 3.1.2.

Figure 3 .

 3 Figure 3.15 a) Schematic of a p-GaAs/n-Si NW; b) SEM image of the p-GaAs/n-Si NWs.

  The schematic of the NWs is shown in Figure3.15a. The NWs were grown with a hexagonal pattern and presented a length of ̴ 650 nm as displayed in Figure3.15b. It is possible to observe that due to the different material nature (different density, surface potential, different doping type…) the hetero-junction is clearly visible in the SEM image, located at ̴ 200 nm from the top. EBIC mapping is performed on single NWs with 5 kV acceleration voltage and 59 pA injected current. An external bias is applied in the range of ±3V. The results are shown in Figure 3.16.Under reverse bias, a positive induced current is collected from the GaAs/Si interface, consistently with the junction orientation. Under forward bias an opposite signal is detected at the NWs/tip interface, which can be attributed to a Schottky contact. Without an external bias, the EBIC map does not reveal any signal because of the competition between the two diodes.

Figure 3 . 16

 316 Figure 3.16 On top, EBIC mapping on a single NW at different bias. The maps are overlapped on the corresponding SEM images. Below the EBIC profiles along the main axis as a function of the position (0 nm corresponds to the base of the NW) under reverse bias (on the left) and forward bias (on the right).

Figure 3 .

 3 Figure 3.18 a) Schematic of the p + /p -/n + junction in GaAs NWs; b) 45° tilted SEM images of the sample (in the inset a high magnification cross-sectional SEM image of the NWs); c) NextNano simulation of the band structure of the axial junction from the bottom (left) to the top (right).For the simulation doping levels are assumed to be 10 18 cm -3 for n + and p + segments. For the p -segment, doping levels from 10 15 cm -3 to 10 17 cm - 3 are assumed.

  19a and b) and the entire NW (Figure 3.19c and d) are reported. EBIC measurements were performed at 10 kV acceleration voltage and 131 pA injected current. An external bias is applied in the range of ±5 V.

Figure 3 .

 3 Figure 3.19 EBIC maps acquired on a broken (a) and an entire (c) NW overlapping the correspondent SEM images; EBIC profile extracted from the main axis of the broken (b) and entire (d) NW. In the EBIC profiles the different segments along the NWs are schematically color-coded.

  EBIC map on the entire NWs, two electrical signals can be identified (Figure3.19c): under forward bias the induced current generated at the GaAs/Si interface can be observed while in reverse bias the active GaAs homo-junction produces a well-defined signal (coded in red inFigure 3.19c).

Figure 3 .

 3 Figure 3.20 a) Schematic representation of the passivation of GaAs NWs obtained by hydrazine treatment (taken from ref. 156 ); b) EBIC maps measured before and after the passivation treatment overlapping the corresponding SEM images; c) EBIC profiles along the main axis corresponding to panel a.

  Another approach for the development of NWs-based tandem solar cells explored during my thesis is based on dual junction InGaP/InP NWs, i.e. NWs containing two axial junctions connected through an Esaki diode. For this purpose, the NWs are grown by Au-catalyzed MOVPE on an InP substrate in an ordered array, obtained by controlling the distribution of the catalyst droplets on

4 . 1

 41 The work reported in this Chapter has been done in collaboration with the NanoLund group (University of Lund) where the samples were grown. A brief description of the growth of the samples is given in Section 4.1. In Section 4.2, the electrical properties of NWs containing a single junction are investigated. First, InGaP NWs containing an axial p-i-n junction are analyzed, focusing on the effect of a specific patterning step on the NWs properties. Then, p + -InGaP/n + -InP NWs are grown and the tunneling behavior is analyzed. In Section 4.3, the dual InGaP/InP junctions are investigated comparing two specular architectures (i.e. structures with a mirrorreflected order of the materials in the NWs) by both EBIC microscopy and CL analysis. Comparing the results from these two techniques, a comprehensive understanding of the phenomena occurring in these complex structures is achieved. Description of the samples 4.1.1 Ordered III-V NWs growth by Au-catalyzed MOVPE Metal organic vapor phase epitaxy (MOVPE or MOCVD) is a specific process for the growth of epitaxial layers. The general principles of MOCVD were already discussed in Section 3.1.1, discussing the case of NWs grown using a patterned template. The formation of III-V NWs on template-free substrates, instead, can be achieved by promoting the 1D epitaxial growth by metal catalyst droplets which increase the decomposition of organometallic compounds and create kinetically preferential sites for nucleation. The mechanisms ruling the catalytic growth of NWs are part of the VLS theory, already mentioned in the Introduction. More details on the NWs growth kinetics and thermodynamics related to the VLS theory can be found in refs.

Figure 4 .

 4 1 i and j, holes were made in the mask by CHF3/CF4 reactive ion etching. The effect of both pattern preservation approaches on the properties of the NWs are investigated in Section 4.2.1, showing that both techniques have advantages and disadvantages at the single NW level 167 .

Figure 4 . 1

 41 Figure 4.1 Schematic illustration of gold particle patterning of a wafer by nanoimprint lithography.

  of InP/InGaP NWs containing a tunnel diode and (iii) analysis of InP/InGaP dual junction NWs. All samples are grown after the ordered deposition of the Au droplets by NIL patterning. A schematic of the samples under investigation is represented in Figure 4.2.

Figure 4 . 2

 42 Figure 4.2 Schematic of the NWs investigated in this Chapter: a) p-i-n InGaP NWs; b) n ++ -InP/p ++ -InGaP NWs (Esaki diodes); c) InP/InGaP dual junction NWs. The yellow frames in panel c highlights the tunnel junction. Below the panels, the different materials are indicated by a color code legend.

Figure 4 .

 4 2b and c) were grown with the latter pattern preservation process.For the growth of the NWs, trimethylindium (TMIn), trimethylgalium (TMGa), phosphine (PH3), diethylzinc (DEZn), tetraethyltin (TESn), and hydrogen sulfide (H2S) were used as precursors. For the tunnel junction, dopant flows for degenerate doping were modulated according to previous works on InP and InGaP NW doping 168 . The growth of NWs was performed at 440°C with the following molar fractions: χTMIn = 4.5-5.2 × 10 -5 , χTMGa = 3.96 × 10 -4 , χPH3 = 6.92 × 10 -3 , and χHCl = 4.6-5.4 × 10 -5 .

Figure 4 .

 4 Figure 4.4 a) Schematic of the contact mode on dispersed NWs; b) Schottky contact analysis on the top (images above) and on the bottom part (images below) of a single PAN NW.

  In both SiN-mask and PAN NWs the collected induced current is compatible with the orientation of the nominal p-i-n structure. The charge collection region is localized close to the bottom part of the NWs indicating that the n-segment on top may be longer than the nominal value and thus does not contribute to the charge collection. From the EBIC profiles, the length of this top segment can be estimated around 500 nm in both samples.

Figure 4 . 5

 45 Figure 4.5 EBIC analysis of a single SiN-mask NW (above, blue framed) and a single PAN NW (below, green framed). For each analysis, EBIC maps overlapped to the corresponding SEM images are shown at different bias. The corresponding EBIC profiles are plotted aside.

InP/

  InGaP are displayed in Figure 4.6a while for sample InGaP/InP they are shown in Figure 4.6b.

Figure 4 . 6

 46 Figure 4.6 Schematic of an InP/InGaP NW (a) and of an InGaP/InP NW (b) and corresponding SEM images. The length bar corresponds to 0.5 µm.

Figure 4 . 7

 47 Figure 4.7 EBIC maps overlapped on the corresponding SEM image and EBIC current profile along the axis for (a) InP/InGaP NWs and (b) InGaP/InP NWs. The EBIC maps are acquired under Vbias=-2V. The scale bars correspond to 0.5 µm.

Figure 4 . 8

 48 Figure 4.8 Representative single NW I(V) for (a) InP/InGaP sample and (b) InGaP/InP sample.

Figure 4 . 9

 49 Figure 4.9 Cross-sectional SEM image, axial band profile and schematic of (a) InP/InGaP NWs and (b) InGaP/InP NWs.

Figure 4 .

 4 Figure 4.10 SEM image and corresponding EBIC maps at different biases of (a) InP/InGaP NWs and (b) InGaP/InP NWs. In the insets, the schematic of each NW. The active junction is indicated in each EBIC map. c) EBIC axial profiles corresponding to panels a and b. The position along the NW is expressed in percentage to account for the different length of the NWs (0% correspond to the top, 100% corresponds to the bottom). Both in EBIC maps and profiles, the induced current is set positive if collected from the top junctions, negative if collected from the tunnel junction; d) I(V) characteristics of InP/InGaP NWs (blue curve) and InGaP/InP (red curve).

2 . 2 .

 22 The p-dopant incorporation issue in InGaP, discussed concerning the InP/InGaP Esaki diode, could explain also the narrow extension of the top junction. By affecting the relative position of the bands in the TJ and in the top segment, a smooth p-doping level in the upper junction could lead to the localization of the collected induced current in a narrow region.

  Comparing the Ldiff values within each dual junction NW, it can be observed that in InP/InGaP NWs almost no difference is found in the diffusion length measured in the p-and p + -InGaP segments, contrary to what is observed in the n-and n + -InP segments belonging to the InGaP/InP NWs. Considering the diffusion length as a rough indicator of the doping level in the segment, this evidence is compatible with the previous hypothesis of a low p-doping concentration in the InGaP segments in sample InP/InGaP.Single NW I(V) characteristics are measured in the two samples in the range of ±3 V. A representative example is shown in Figure4.10d. Consistently with the EBIC analysis, InGaP/InP characteristic (in red) shows a diode-like behavior with a reverse leakage current below the sensitivity of our setup (0.1 pA). This result is compatible with the presence of a strong p-i-n junction and a nonexistent contribution from the TJ, as expected. On the contrary, InP/InGaP curve (in blue) is consistent with the presence of a weak top junction and an opposite tunnel junction, contributing to a small (but not negligible) reverse leakage current.Although the results on the InGaP/InP NWs are promising, the absence of electrical activity of the bottom junction in both samples needs to be investigated. A reason can be related to the dispersion procedure of the NWs onto the substrate since the cleavage can occur within the bottom junction. To verify this hypothesis, EBIC measurements were repeated on NWs standing on the p-InP substrate in the same experimental conditions.

Figure 4 .

 4 11 reports the EBIC maps of two single NWs (an InP/InGaP NW on top and an InGaP/InP NW on the bottom). Concerning the InP/InGaP NWs (blue-framed in Figure4.11), the activity of the tunnel junction can be observed in the bias range of 2-4 V as in the case of dispersed NWs. As soon as the bias decreases, the signal associated to the tunnel junction gradually fades and the opposite signal attributed to the top junction appears. At Vbias = 1 V both signals can be observed in the same map (within the black frame inFigure 4.11). Without an applied bias and with a weak reverse bias (Vbias between 0 and -1 V), the tunnel junction signal disappears and only the current collected from the top segment is visible. As in the case of dispersed NWs, the collection regions associated to the top and the tunnel junctions partially overlap. To be noticed that in this weak bias range (1 V ≥ Vbias ≥ -1 V) the induced current values are very low, and the maps appear very noisy. Under a bias higher than 1 V, a "transition" occurs: the signal from the top segment disappears, and the signal from the bottom junction appears. A further increase of the reverse bias strengthens the electric field in the bottom junction, thus increasing the induced current from the bottom segment.The EBIC maps for the vertical InGaP/InP NW (red-framed in Figure 4.11) show similar results to the measurements performed on dispersed NWs. Under reverse bias, the collection of induced current occurs over the entire top segment. No EBIC signal can be observed without a bias. Under forward bias, an induced current is collected from the tunnel junction. In addition, an electrical signal can be observed at the NW/substrate interface due to the presence of the n-InGaP/p-InP rectifying interface. No evidence of the activity of the bottom junction is observed.

Figure 4 .

 4 Figure 4.11 EBIC maps at different biases of single NWs standing on the InP substrate: above (blueframed) InP/InGaP NWs and below (red framed) InGaP/InP NWs. The external bias and color-coded current scale are displayed for each map.

Figure 4 . 13

 413 Figure 4.13 Peak wavelength for InP (blue) and InGaP (red) segments at room temperature (squares) and 10 K (hollow circles) over several InP/InGaP NWs (panel a) and InGaP/InP NWs (panel b). Each panel contains a schematic of the corresponding NW.

  By analyzing the peak energy difference along the segment, the emission red-shift in the ternary alloy is measured to be around 27 meV for InP/InGaP NWs and 21 meV for InGaP/InP NWs, consistently with the statistical peak energy fluctuation measured in Figure 4.13.

Figure 4 .

 4 Figure 4.14 CL spectra for each segment along the main axis of (a) an InP/InGaP NW and (b) an InGaP/InP NW. Spectra associated to InP segments are framed with blue dashed squares, while spectra associated to InGaP segments are framed with red dashed squares. In each plot, the CL spectra are shifted along the y axis consistently to the acquisition point in the NWs. Luminescence peaks are connected with solid black lines to highlight the spectral shifts. The orange stripes in the InGaP plots highlight the emission red-shift.

Figure 4 .

 4 15. The intensity profiles are extracted from the intensity values on the maps on the central axis of the NWs (white dashed lines, reported only on the panchromatic maps).The InP/InGaP NWs (Figure4.15a) exhibit intensity profiles characterized by two maxima in the InGaP segment, with a weak CL decrease in the middle while the InP segment is characterized by a single maximum point, with a much lower intensity than in the InGaP top segment (therefore, in the panchromatic profile in the top segment the maximum points can be observed while no maximum point is exhibited in the bottom segment). The InGaP/InP NWs (Figure4.15b) show a single maximum point for each segment. However, both luminescence signals are highly localized in the center of the NW (InP) and at the bottom end of the NW (InGaP). For this reason, the resulting panchromatic map presents a large part ( ̴ 1 µm) with no luminescence in the top segment and two well-defined maxima in the bottom segment.

Figure 4 .

 4 Figure 4.15 CL panchromatic and spectrally filtered maps for (a) InP/InGaP NWs and (b) InGaP/InP NWs. In each panel the CL intensity profile acquired on the central axis of the NW (as indicated by the white dashed line) is reported.

  measurements: in this work CL measurements are performed in open-circuit conditions while EBIC maps are performed under reverse bias to enhance the electric field across the junctions. By comparing EBIC and CL maps in the same electrical conditions the visualization of the depletion region in NWs in CL maps and the estimation of consistent values of minority carrier diffusion length with the two techniques have been proven 178 . In Figure 4.16 EBIC and CL maps for both types of NWs are reported. The axial profiles are overlapped in each panel. To account for the different length of the NWs, the position along the NW axis is indicated in percentage. This normalization induced a small mis-alignment of the profiles when comparing different NWs.

Figure 4 . 16

 416 Figure 4.16 Comparison between CL and EBIC maps for a) InP/InGaP NWs and (b) InGaP/InP NWs. In each panel normalized CL profiles (red line for InGaP and blue line for InP) and normalized EBIC profiles (black line) are overlapped. To account for the different morphology the position is expressed in percentage terms (0% corresponds to the top, 100% corresponds to the bottom of the NW). The arrows indicate the most significant points where EBIC and CL are not complementary.

  The results are shown in Figure 4.17a for the InP/InGaP NWs and Figure 4.17b for the InGaP/InP NWs. In both panels a SEM image, an EBIC map and a CL map (where the NW position is highlighted by a dashed rectangle) are reported. The EBIC map displays the signals observed at different biases (discussed previously), which are originating from the bottom junction and the tunnel junction in the first case (panel a) and from the top junction and tunnel junction in the second case (panel b). The signal previously associated to the top InGaP junction is not reported since it adds no useful information due to the strong overlap with the tunnel junction zone.

Figure 4 . 17

 417 Figure 4.17 Comparison of EBIC and CL maps of vertical NWs standing on their growth substrate. SEM image, overlapped EBIC maps, CL map and profiles of (a) InP/InGaP NWs and (b) InGaP/InP NWs. Overlapped EBIC maps display the signals visualized at any bias. In the CL maps, the position of the NW is highlighted by a dashed rectangle. High magnification (c) InGaP and (d) InP CL map of the NW/substrate interface corresponding to panel b. e) CL spectra across the NW/substrate interface from panels c and d.

  development of high performing NWs-based tandem solar cells. Several approaches can be used to achieve this purpose, by exploiting different materials and internal electrical structures of the wires. Each Chapter of this Thesis focuses on a specific concept: NWs directly grown on Si containing a radial junction in Chapter 2, NWs directly grown on Si containing an axial junction in Chapter 3, dual junction NWs in Chapter 4. In particular, this Thesis describes the characterization at the nanoscale of these structure by means of two electron scanning probe techniques: electron beam induced current microscopy (EBIC) ad cathodoluminescence (CL). These are powerful tools to probe the electrical and optical properties of individual NWs, which serve both to investigate the physical phenomena in the wires and to optimize their properties. In combination with nanoscale structural techniques (TEM, STEM, HAADF), the use of EBIC and CL gives an insight into the nanoscale phenomena occurring under excitation thus offering interesting feedback to improve their photovoltaic conversion. A clear example is given in Chapter 2 where GaAs and AlGaAs NWs containing a radial junction (grown in INL, Lyon by Dr. Michel Gendry and Marco Vettori) are investigated. The collection properties of individual GaAs NWs are studied by EBIC mapping, which shows an efficient collection of carriers within the NWs.

  The last approach discussed in this Thesis concerns the development of dual junction InGaP/InP NWs (grown by MOVPE), i.e. NWs containing two junctions connected by an Esaki diode. This work is discussed in Chapter 4 where the samples grown at the University of Lund by Xulu Zeng, Dr. Gaute Otnes and Dr. Magnus Borgström are investigated. I also specially acknowledge Dr.

  Being a system extremely complex to model reliably, experimental data about dual-junction NWs device are highly desirable. A thin film GaAs SC grown by MBE on a p-GaAs substrate is characterized as a reference for the work in Chapter 2. The schematic representation of the device is shown in Figure A.1a. The cell consists of a p-n GaAs junction grown on an Al0.9Ga0.1As back surface field (BSF) layer. The junction is covered by an Al0.7Ga0.3As window layer. The top contact, provided by a Ni/Ge/Au/Ni/Au grid, is favored by an intermediate high doped n-GaAs contact layer. The bottom contact is provided by a Ti/Au back contact. By cross-sectional SEM images on a cleaved edge, the different layers can be identified because of the different contrast (panels b and c).

Figure A. 2

 2 Figure A.2 Low magnification SEM images (panels a and c) and corresponding EBIC maps (panels b and d) of the array before (panels a and b) and after (panels c and d) cleavage of the top segment; High magnification EBIC maps overlapping the corresponding SEM images before (e) and after (f) cleavage of the top segment; g) SEM image of a cleaved single NW: the orange dotted lines delimit the core; h) EBIC map overlapping the corresponding SEM image of a cleaved single NW: the corresponding EBIC profile reveals a core with a flat carrier collection and the diffusion tails in the shell.

  Figure A.3d, the Casino software is used to evaluate the interaction volume by a Monte Carlo simulation, estimating Wint=100 nm; hence, the error in the localization of each depletion region boundary is ̴ 50 nm.

Figure A. 4

 4 Figure A.4 SEM image, EBIC image and corresponding RGB image overlapping the previous images of GaAsP NWs homogeneously doped with Be (a) and with Si (b); Schematic representation of the band bending associated to a Schottky contact in p-doped (c) and n-doped (d) materials; e) SEM image, EBIC map and corresponding axial EBIC profile of a GaAsP NWs containing an axial p-n junction.

Figure B. 1 Figure 1 .

 11 Figure B.1 Figure 1.10 a) Schematic representation of the cross-section of the α-Si:H p-i-n solar cells; b) SEM top view images under different applied bias; average value of SE signal (c) and surface potential measured with KPFM (d) on different regions of the cell under bias.

Figure B. 2

 2 Figure B.2 a) EL spectra at different injected current; b) SEM image of the array and corresponding EBIC map; c) SEM image of the array and corresponding EBIC and panchromatic CL maps. The arrows indicate a wire with regular (black) and irregular (red) EBIC signals. The dashed green lines highlight the wires with high luminescence intensity. d) CL spectra acquired in the points indicated by the arrows in panel b; e) Spectrally filtered CL maps corresponding to the panchromatic map in panel b; f) EL maps of the array before and after the final fabrication procedure.

  issues of this technology is related to the formation of unintentional shell on the bottom part of the NW during the axial heterostructure growth. Depending on the local growth conditions, this shell can contain GaN insertion forming an AlN/GaN core/shell structure electrically connected to the GaN base. By creating a low resistance path, the parasitic presence of GaN strongly reduces the effect of the AlN barriers on the dark current and creates a leakage path for the generating carriers, therefore affecting the photosensitivity of individual NWs 193,195 . EBIC microscopy, single I(V) measurements and CL analysis were used to investigate the difference charge collection in NWs with resistive AlN shell (NW A in Figure B.3a) and with conductive AlN/GaN shell (NW B in Figure B.3a). The GaN/AlN axial heterostructure NWs were grown on Si(111) by plasma-assisted molecular beam epitaxy (PAMBE) and multi GaN/AlN disks (20 periods) were integrated in the nonintentionally-doped active region of the NW volume, while the GaN base and GaN-cap NW were n-doped with Si. The axial band diagram of the NWs is displayed in Figure B.3b. After the growth, the NWs are dispersed on a substrate and Ti/Al/Ti/Au nanocontacts were fabricated by electron beam lithography on single nano-objects. I(V) measurements on individual NWs revealed two distinct behavior among the probed NWs (Figure B.3c and f), as already reported in the literature 43,195 : NWs A were characterized by a very low dark current (Figure B.3c) under both reverse and forward bias; NWs B, instead, exhibit a clear diode-like behavior in the same conditions with a much larger forward current value. EBIC mapping was performed on both types of NWs at 25 kV acceleration voltage and 290 pA injected current, measured by means of a Faraday cup. The EBIC maps and axial profiles corresponding to NWs A and NWs B are shown in Figure B.3d-e and g-h, respectively. EBIC analysis on NWs A shows that the current collection is highly localized in a region close to the MQDs area.

Figure B. 3

 3 Figure B.3 a) Schematic of the NWs characterized by either an AlN (NW A) or an AlN/GaN (NW B) shell around the bottom segment; b) Axial band diagram simulation of the NWs performed with the NextNano software; c)-g) I(V) characteristic, SEM image, corresponding EBIC map and axial EBIC profile of a single NW A (c-e) and NW B (f-h); i) Characteristic CL spectra and spectrally filtered maps for a single NW A. The dashed rectangle indicates the position of the NW.

Figure 2 .

 2 Figure 2.18 a) Image SEM d'un nanofil de GaAs contenant une jonction radiale et la carte EBIC correspondante à Vbias = -1.5 V. b) Profil EBIC extrait de la carte EBIC de l'encadré a; c) Courbes I(V) d'un seul nanofil dans l'obscurité (noir) et sous exposition à un faisceau d'électrons (rouge).

Figure 2 .Figure 2 .

 22 Figure 2.19 a) Estimation de la résistance en série dans différents dispositifs au moyen de mesures dépendantes de la puissance d'éclairage; b) Rendement en fonction de la densité de puissance d'éclairage; c) Caractéristique solaire du meilleur dispositif avec la résistance de série mesurée (expérimentale, courbe noire) et avec une résistance de série de 1 Ω (simulée, courbe rouge).

Figure 2 .

 2 Figure 2.21 a) Représentation de la courbe I(V) pour un nanofil unique à 300 K dans l'obscurité (courbe noire) et exposé à un faisceau d'électrons (courbe rouge pointillée); b) Courbes I(V) d'un réseau de nanofils à différentes T (effectuées au Centre de recherche IBM en Zürich). Le cercle en pointillé rouge indique la région NDR à basse T; c) Cartes EBIC mesurées avant et après le traitement de passivation superposées aux images SEM correspondantes; d) Profils EBIC dans l'axe principal des nanofils extraits de les carte EBIC montrées dans l'encadré c.

  impression qui permet de fabriquer des nanofils identiques sur de grandes surfaces. J'ai étudié l'effet de l'étape de préservation du motif sur la structure interne des nanofils, en comparant l'utilisation d'un masque SiN à la mise en oeuvre d'une nucléation InP avant l'étape de recuit thermique. Une cartographie EBIC et des mesures I(V) ont été effectuées sur nanofils uniques, révélant que les deux approches modifient de manière significative l'incorporation des dopants au début de la croissance du nanofil. La croissance de la jonction tunnel (ou diode Esaki) au sein des nanofils est l'un des défis les plus difficiles à relever pour fabriquer une cellule tandem totalement nanostructurée. Ce chapitre décrit les jonctions tunnel InP/InGaP développées de différentes manières. Les courbes de microscopie EBIC et I(V) montrent la présence d'une hétéro-jonction active. Une résistance différentielle négative (NDR) indiquant la présence d'un effet tunnel à travers la jonction a été mesurée pour toute la structure proposée. Cependant, ses propriétés diffèrent d'un échantillon à l'autre, probablement en raison de la cinétique d'incorporation du dopant dans InGaP.

Figure 2 .

 2 Figure 2.22 Cartographie EBIC à différents voltages de nanofils individuels sur le substrat InP. Le voltage externe et l'échelle de courant (couleur) sont affichées pour chaque carte.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Self-Catalyzed NWs grown by MBE

  

	In this Chapter, I describe the analyses of GaAs and AlGaAs NWs grown by Molecular Beam
	Epitaxy (MBE) containing a radial p-n or p-i-n junction. This investigation was performed in
	collaboration with INL (Lyon) in the framework of the ANR project HETONAN. The focus of the
	work is on the importance of a multi-scale analysis going from individual NW properties towards
	the optimization of macroscopic nanostructured devices. A part of the presented results can be
	found in ref. 108 . The nanoscale dimensions and the 3D nature of the NWs limit the applicability of
	traditional characterization techniques for understanding the fundamental conversion mechanisms.

Table 2 .

 2 1 Summary of the nominal structure and morphological features of the NWs for the different samples (the "Nominal thickness" for the core refers to the diameter).

Table 2 . 2

 22 

Fitting parameters; aside, the single NW I(V) curve in the dark, indicating the regimes where specific parameters have the strongest influence.

Table 2 .

 2 3 Electrical parameters of the different samples estimated by fitting with a two-diode model

	SAMPLES	Isat (nA)	Ideality factor	Rs (kΩ) [Dark]	Rs (kΩ) [Sun]
	GaAs/p-n (t)	25	2	2.6	1.9
	GaAs/p-n (T)	200	1.27	1.1 (±0.1)	0.35 (±0.13)
	AlGaAs/p-n	10 -50	2.3 -2.8	1.5 (±0.3)	0.75 (±0.06)
	AlGaAs/p-i-n	20 -25	2.2	2.2 (±0.15)	0.65 (±0.1)
	The results reported in Figure 2.12 show homogeneous saturation current (10-50 nA) and
	ideality factor (2-2.8) values, except for the sample GaAs/p-n(T) where Isat is 10 times higher and
	the ideality factor is close to 1. It is worthy to mention that these Isat values are consistent with the

estimation done at a single NW level in Section 2.2.2. Although these values are too high for a high-performing device, their homogeneity from sample to sample indicates a good reproducibility. The series resistance is estimated in the order of 1kΩ for all samples.

Table 2

 2 

	The Rs values estimated under irradiation are surprising because considering a cylindrical
	geometry, as done in Section 2.2.2, each NW is expected to have a resistance around 200-400 kΩ,
	corresponding to a series resistance <1 Ω at the device level (considering 10 6 NWs connected in

.3 indicates that devices fabricated with the same lithographic process (GaAs/p-n(T), AlGaAs/p-n, AlGaAs/p-i-n) are characterized by different Rs: while GaAs/p-n(T) is characterized by a series resistance of 1.1 kΩ, a higher Rs value is found in the AlGaAs/p-n (1.5 kΩ) device probably because of the presence of the GaAs/AlGaAs radial interface. The highest series resistance value (1.5 kΩ) is found for the device containing a p-i-n junction. The influence of the internal structure on the Rs is confirmed by the fact that under solar irradiation a significant decrease of Rs is observed in these devices. On the other hand, a high value is found for the sample GaAs/p-n(t) ( ̴ 2 kΩ), confirming the strong impact of the fabrication process in this device. parallel). Intuitively, the high Rs values deeply affect the PV performance; this aspect will be discussed in more detail in the next Section.

Table 2 .

 2 4 Summary of the PV parameters of different samples depending on the probed area extension.

		Jsc (mA/cm 2 )	0.442			
	1.113	Voc (mV) FF (%)	170 26.99	-	-	-
		η (%)	0.021			
		Jsc (mA/cm 2 )		1.88	1.75	4.18
	0.48	Voc (mV) FF (%)	-	118 27.85	126 26.14	261 27.54
		η (%)		0.062	0.057	0.300
		Jsc (mA/cm 2 )		2.00	1.46	3.23
	0.08	Voc (mV) FF (%)	-	103 29.11	113 26.00	199 30.99
		η (%)		0.060	0.043	0.199

DEVICE AREA (mm 2 ) PARAMETERS SAMPLES GaAs/p-n(t) GaAs/p-n(T) AlGaAs/p-n AlGaAs/p-i-n

  𝐽 𝑠𝑐 = 𝐽 𝑖𝑙𝑙𝑢𝑚 = 𝐾 𝑃 * 𝑃 𝑖𝑟𝑟(2.4) 

	𝑉 𝑜𝑐 =	𝑛𝑘 𝑏 𝑇 𝑞	* ln	𝐾 𝑃 𝐽 𝑠𝑎𝑡	+	𝑛𝑘 𝑏 𝑇 𝑞	* ln 𝑃 𝑖𝑟𝑟	(2.5)
	Those equations state that the short-circuit current is directly proportional to the irradiation
	power and the open circuit voltage (Voc) follows a logarithmic dependence on Pirr 132 . Both trends
	have been demonstrated also for Si NWs 131,133 .					

The relation expressed in Eq.(2.3) enables to establish the expected dependence of Jsc and Voc as a function of the irradiation power when combined with the Shockley equation. Combining Eq.(2.2) and (2.3) it is possible to obtain the following relationships:

  In other terms, Eq. (2.6) and (2.7) indicate that if a significant Rs is present into the circuit, the short-circuit current density extracted (Jsc) is not equal to the photo-generated current (Jillum) due to a loss given by ΔJ. By plotting ΔJ(Jsc), Eq. (2.7) can be used to estimate the Rs values in each device. In Figure2.17c, ΔJ(Jsc) is reported for each sample and Rs values are estimated using the values reported in Table2.3 to estimate the constants A and B. The estimated values are reported in Figure 2.17c. It is to be noticed that the series resistance values are similar values to the ones reported in Table 2.3.The evaluation of the series resistance and the experimental validation of the electrical parameters reported in Table2.3 allows to simulate the J(V) characteristic of the devices in the assumption of an ideal fabrication, i.e. considering a series resistance equal to 1Ω * . This simulation is performed with a single diode model only on the best performing device, i.e. sample AlGaAs/pi-n. The calculations are performed using Jsat and n diode parameters from Table2.3. To estimate Jillum for the simulation, i.e. the photo-generated current that would be measured as short-circuit current without the parasitic effect of Rs, Eq.(2.6) is used as: 𝐽 𝑖𝑙𝑙𝑢𝑚 = (𝐽 𝑠𝑐 ) 𝑚𝑒𝑎𝑠 + 𝛥𝐽 = (𝐽 𝑠𝑐 ) 𝑚𝑒𝑎𝑠 + 𝐽 𝑠𝑎𝑡 [𝑒𝑥𝑝

	𝑞𝐽 𝑠𝑐 𝐴𝑅 𝑠	
	𝑛 𝑘 𝑏 𝑇 ]	(2.8)
		(2.7)

.1) can be combined with Eq.(2.3); assuming Rs≠0 and Rsh→∞ it is possible to state: 𝐽 𝑠𝑐 = 𝐽 𝑖𝑙𝑙𝑢𝑚 -𝐽 𝑠𝑎𝑡 [𝑒𝑥𝑝 𝑞𝐽 𝑠𝑐 𝐴𝑅 𝑠 𝑛 𝑘 𝑏 𝑇 ] = 𝐾 𝑃 * 𝑃 𝑖𝑟𝑟 -𝛥𝐽(𝐽 𝑠𝑐 ) (2.6) where ΔJ is a function of the type: 𝛥𝐽 = 𝐴 * [𝑒𝑥𝑝 (𝐵 * 𝐽 𝑠𝑐 * 𝑅 𝑠 ) ]

where (Jsc) meas is the experimentally measured value. Consistently with the assumption of Eq. (2.6), it is considered that Rsh→∞.

Table 3 .

 3 

1 Doping level estimated by numerical analysis of the EBIC profiles for the set of n-InGaP samples n-

doping level (*10 17 cm -3 )

  

	Bias (V)	Si2H6 = 0.25	Si2H6 = 0.75	Si2H6 = 1.5	Si2H6 = 2.4
	4	37.9 (±34.1 %)	3.66 (±43.9 %)	17.4 (±85.1 %)	65.4 (±23.3 %)
	3.5	26.5 (±62.0 %)	4.59 (±85.1 %)	22.6 (±82.2 %)	50.9 (±63.8 %)
	3	30.7 (±17.6 %)	4.04 (±74.8 %)	17.0 (±62.7 %)	42.6 (±22.9 %)
	2.5	31.0 (±58.6 %)	3.98 (±74.5 %)	--	--
	2	31.2 (±61.4 %)	3.27 (±94.8 %)	--	--
	Average	31.5 ± 4.1	3.9 ± 0.5	19.0 ± 10.6	53.0 ± 11.5

  .1 and Table 4.2 respectively, together with the values reported in Section 4.2.2 for the NWs containing the Esaki diode alone.

Table 4 .

 4 1 Average electron Ldiff values in p-doped segments measured from axial EBIC profiles. The label "NO EBIC" indicates the absence of the EBIC signal in the segment, while "-" indicates the absence of the segment in the NW.

	SEGMENT	InP/InGaP	InP/InGaP	InGaP/InP	InGaP/InP
		(dual junction)	(Esaki diode)	(dual junction)	(Esaki diode)
	p-InGaP	105 nm	-	NO EBIC	-
	p + -InGaP	94 nm	105 nm	55 nm	41 nm
	p-InP	NO EBIC	-	68 nm	-

Table 4 .

 4 2 Average hole Ldiff values in n-doped segments measured from axial EBIC profiles. The label "NO EBIC" indicates the absence of the EBIC signal in the segment, while "-" indicates the absence of the segment in the NW.The minority carrier diffusion length values reported in Table4.1 and Table4.2 offer many interesting insights. First, comparing the Ldiff values across the TJ for the dual junction NWs and the NWs containing only the Esaki diode, no significant variation is found. Although the values are slightly different in the two cases, they are within the distribution variation reported in Section 4.2.2. Together with the EBIC maps, this result proves that the growth of the TJ is not affected by the presence of the top and bottom junction.

	SEGMENT	InP/InGaP	InP/InGaP	InGaP/InP	InGaP/InP
		(dual junction)	(Esaki diode)	(dual junction)	(Esaki diode)
	n-InGaP	92 nm	-	NO EBIC	-
	n + -InP	82 nm	93 nm	65 nm	45 nm
	n-InP	NO EBIC	-	104 nm	-

* The atoms mean free path is much larger than the distance between the effusion cell (from which they are evaporated) and the substrate surface. As a consequence, before reaching the surface they do not collide between each other or with other impurities.

* The GaAs core is necessary for the NW growth since axial AlGaAs growth is hindered by oxidation of Al prior to the nucleation stage.

* In Table2.4 the parameters of the best 0.48 mm 2 and 0.08 mm 2 area devices are reported, while only the formers are plotted in Figure2.13. The homogeneity of the PV properties on different devices belonging to the same sample will be discussed later.

* The intensity variation is defined as the percentage difference of the NWs intensity. The percentage intensity takes as a 100% reference the highest emission within each measurement.

* The errors bars are asymmetrical with respect to the average due to the low doping values extracted from few high noise EBIC maps. Being isolated cases, they influence the range of uncertainty but not the average.

Figure 2.23 a) Image SEM et cartes CL correspondantes à température ambiante filtrées dans les plages de 650-750 nm et 830-950 nm; b) spectres CL pour chaque segment des nanofils (les spectres affichés proviennent de points de maxima d'intensité, indiqués par des cercles vides dans l'encadré a); c) Comparaison des cartes EBIC et CL des nanofils verticales se tenant sur leur substrat de croissance. Image SEM, cartes EBIC superposées, carte CL et profils axiaux correspondants.En effet, la combinaison des cartographies EBIC et CL permet de sonder non seulement la collecte des charges et les spectres de luminescence émise, mais également la variation des phénomènes de recombinaison non radiative. En superposant le signal obtenu à partir des deux techniques, les
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Summary of the Chapter

The work reported in this Chapter represents a multi-scale analysis of core/shell NWs. The properties of single NWs are investigated using nanoscale techniques (namely, EBIC microscopy and local I(V) measurements) enabling the estimation of the electrical parameters and the actual extension of the radial junction by a combination of experimental data and numerical simulation.

The obtained results were used to optimize the internal structure and design NW new architecture to improve the PV performance. EBIC microscopy was used to verify the improvement of the charge collection properties in different samples, demonstrating the improvement in carrier collection in individual NWs containing an AlGaAs radial junction. After the device fabrication, EBIC microscopy is used also at the macroscopic level, where the properties of the ITO/NWs interface are investigated over the surface. This analysis reveals the presence of a Schottky barrier at the interface, hindering the generated carrier collection. The effect of a thermal treatment is investigated, leading to an improvement of the top contact properties by increasing the conductivity and decreasing the Schottky barrier height.

To trace a correlation among the nanoscale properties and the PV performance, the devices are characterized under AM1.5G 1 Sun illumination. These measurements show that the optimization of the internal structure based on the single NWs investigation leads to a 15-fold improvement of the conversion efficiency (from 0.02% to 0.3%). Considering the variation of the NWs dimension and the combination of different material (GaAs/AlGaAs), it is worthy to mention that the variation in efficiency is also due to an improvement of the optical properties as shown by EQE spectra. This analysis reveals two critical limitations for the investigated devices: (i) the top contact resistance and (ii) the leakage current in reverse bias conditions.

To assess the effect of the top contact, the devices are studied by irradiance-dependent measurement under a green laser excitation. By coupling the experimental results with the generalized Shockley equation for an illuminated diode, the average diode parameters for the device are estimated. A very good agreement is found with the measurements at the single NW level and fitting parameters for the characteristics under solar irradiation. Finally, to estimate the effect of the series resistance on the conversion efficiency, the J(V) characteristic of an equivalent diode with low Rs is calculated. The comparison between this ideal device and the experimental measurements indicates an efficiency loss due to the series resistance close to a factor of 3.

As it can be observed from the EBIC maps and profiles, the passivation treatment induces two main improvements: (i) the increase of the induced current collected (from 2 nA to 4 nA) and (ii) the enlargement of the collection area (from 240 nm to 350 nm). In particular, the wider collection area is due to an increase of Ldiff in n-GaAs (above the junction) from 80 nm to 140 nm and an increase of Wdep from 70 nm to 120 nm. No variation of Ldiff in p-GaAs (below the junction) is observed. Many factors can account for this, as a wettability issue along the entire length of the NWs due to the capillarity in the high density array or due to the surface banding in n-and p-GaAs which could affect the reaction yield. surface charges which flatten the bands in p-GaAs.

However, the increase of Wdep, which is almost doubled, is highly significant. First of all, it indicates that surface recombination is a major limitation for the EBIC characterization and, as a consequence, for the final device. In addition, it confirms the presence of a non-constant electric field resulting from the doping profile in the p --GaAs segment, as previously discussed. In fact, in the case of a constant field, confined in the SCR as described by the model in Figure 3.11, only the diffusive charge transport would be affected by the surface recombination and the depletion region extension measured by EBIC would be independent of it. In the present case, instead, the variation of Wdep after the passivation treatment suggests the presence of a region where the drift from the local electric field along the NW axis is comparable to the charge diffusion towards the lateral surface. 3D band diagram simulation and TR-CL measurements are required to confirm this hypothesis, which I couldn't perform during my Ph.D. thesis.

The observation of this phenomenon is surprising considering that the GaN monolayer formed on the surface by the hydrazine treatment only saturates the surface bonds and does not provide an outer electronic barrier. For this reason, at the present moment this post-growth procedure doesn't represent an optimal passivation layer for a final device. Nevertheless, its use during the characterization phase was useful to demonstrate the severe influence of the surface recombination rate on the electrical properties of the GaAs junction and on the EBIC analysis.

Summary of the Chapter

The work reported in this Chapter aims to investigate the properties of III-V NWs directly grown on Si by a novel TASE method developed at IBM Research Center in Zürich.

CL mapping and analysis are used as a characterization tool for the development of suitable ternary alloys with 1.7 eV band gap. Top-view and single NW maps are acquired on InGaP NWs, revealing a broad Ga incorporation distribution from NW-to-NW and intra-wire Ga content gradient in the early growth attempt. These results indicate the necessity for the improvement of the NWs growth process. The growth of undoped In0.7Ga0.3P NWs with a homogeneous composition was achieved at IBM Research Center; adding p-and n-dopants to the growth procedure, homogenous segments with a Ga content of 55% and 33%, respectively, was obtained.

After the optimization of the composition, the effective n-doping is investigated on a set of 4 samples grown under different dopant flow on p-Si. The extension of the depletion region is measured by combining VSEC and EBIC analyses. Using these experimental values, the use of a simple model enables the estimation of the doping level across the junction. The results show an increase of the doping level with increasing dopant flow, consistently with the expected trend. As a final step an InGaP p-n homojunction is grown and its activity is demonstrated by both single NW measurements and light exposure of the array.

Due to issues related to the control of the ternary alloy composition, InGaP was replaced by a binary GaAs semiconductor to grow a nominal tunnel junction at the GaAs/Si interface. Room temperature single NW measurements have not revealed any tunneling behavior. Measuring the I(V) characteristic of the array, the negative differential resistance is observed at T<150 K. A more advanced structure, containing a GaAs junction on top of the previous tunnel diode is finally explored. Single NW analysis revealed that no variation of the electrical properties of the GaAs/Si tunnel element occurs after the junction growth. The GaAs junction shows a narrow collection region in EBIC presumably due to multiple factors concerning the doping profile and the surface recombination rate. To analyze the effect of the surface recombination rate, the sample is treated with a hydrazine solution, which forms a passivating GaN monolayer on the outer surface. From the EBIC analysis it is found that the minority carrier diffusion length in n-GaAs and the depletion region are increased after the passivation treatment whereas the electron diffusion p-GaAs is not affected.

NWs containing a single axial junction

In this Section, EBIC analysis is performed on single NWs which are dispersed on a passive substrate. The choice to disperse the NWs is done also in consideration of the peel-off step foreseen for the final device fabrication. The final device structure does not contain the growth substrate and thus the analysis of standing NWs could be influenced by the properties of the NW/substrate interface which is not of interest for the final device. Moreover, this configuration offers the possibility to explore in more detail the bottom part of the NWs by contacting specific positions with the tips, which can be hindered by the presence of neighbor NWs in high density arrays. On the other hand, the contact of dispersed NWs is more challenging since each nano-manipulator needs to exert a force on the NW high enough to create a stable electrical contact. The applied forces should not induce any rotational movement of the NWs, which can be a hard task since the substrate does not offer any mechanical constraint to the 1D structure.

To disperse the NWs, the samples are dipped in an isopropanol solvent and placed in an ultrasonic bath for 5 minutes, therefore forming a colloidal solution; the solution is then dropcasted on a Si/SiO2 wafer and dried under N2 flow. The procedure is repeated several times to achieve a sufficient NWs density on the substrate.

Dispersed InGaP NWs

Two samples containing InGaP NWs containing an axial p-i-n junction (schematic in Figure 4.3a) were grown using either, a SiN mask or a pre-anneal nucleation (PAN) of InP to preserve the designed Au-catalyst distribution on the InP substrate. In the following text, I will refer to the samples as "SiN-mask NWs" and "PAN NWs". Both procedures lead to a very high uniformity of the pattern and high morphological homogeneity of the NWs. Only few "ultra-long" NWs give irregularities over the array. The NWs present a diameter of ̴ 170±20 nm and a length ̴ 2 µm. In No significant morphological difference is observed in the two samples. The SEM images in Figure 4.4b show the configuration for this analysis: the tips contact a NW segment on the lateral surface, and a certain force is applied on both sides to ensure a good adherence on the NW ("chopstick" configuration). Then, positive and negative biases are applied to observe the direction of the current flow (represented by the color of the EBIC signal).

In this example, the top segment shows an n-type doping and the bottom segment shows a ptype doping, as expected from the nominal structure. It can be noticed that for each bias in the two segments the signals have a different color, indicating an opposite current direction flow due to the different type of doping. region with negligible luminescence). This phenomenon is investigated in more detail in Section 4.2.3.

The CL maps indicate two well-defined luminescence emissions for each NW, as displayed in the plots of Figure 4.12. These spectra originate from intensity maxima points, indicated by empty circles. In InP/InGaP NWs the ternary alloy emission is peaked at 1.751 eV, corresponding to a Ga incorporation close to 38% while in InGaP/InP NWs the bottom segment emits at 1.658 eV, corresponding to a Ga percentage of 28.5% (bowing parameters from ref. 172 ). Surprisingly the emission peak energy of the InP segment is slightly different in the two cases: 1.370 eV and 1.379 eV: both values are few tens of meV more energetic than the expected room T band gap of 1.344 eV. This blue-shift can be related with many factors (doping level, strain, surface charges, coexistence of ZB and WZ phases) 173,174 . The peak energy (both at room temperature and at 10 K) for the InP and InGaP segments of several NWs is investigated. The results reported in Figure 4.13 indicate that a fluctuation in the InP peak energy values are observed in both structures. In fact, at room temperature, the binary properties in each wire are a strong limitation for a device where a high number of NW (10 6 ) are connected in parallel since the open circuit voltage is somehow limited by the less performing nano-object, as demonstrated in ref. [START_REF] Mikulik | Conductive-probe atomic force microscopy as a characterization tool for nanowire-based solar cells[END_REF] . In addition, in the extreme case of NWs with negligible rectifying behavior (for instance, giving a shortcut between the contact and the exposed core due to the local growth conditions), these objects can offer a leakage path which limits the short-circuit current as well. To overcome this issue, a very promising approach developed to increase NW-to-NW homogeneity is the growth of NWs by selective-area growth techniques (SAG). By growing in (nominally) identical conditions, each nano-object would have the same electrical and optical properties. The investigation of NWs grown on patterned substrates is the objective of the Ph.D. thesis of Omar Saket, which could give interesting results for pushing forward both the knowledge and the efficiency of NW solar cells.

To face the issue related to wire-to-wire homogeneity, other novel approaches have been explored during my Ph.D., such as the growth of NWs monolithically integrated on Si by template assisted selective epitaxy (TASE) described in Chapter 3. This concept is based on the growth of NWs by MOCVD within a tubular template which allows to obtain ordered arrays of III-V NWs (highly homogeneous in length and diameter) without the use of a catalyst droplet. This technique has been developed in IBM Research Center in Zürich and, thanks to the collaboration with Dr.

Stephan Wirths, Dr. Heinz Schmid, Dr. Noelia Vico Trevino and Nicolas Bologna, we were able to move forward in the optimization of ternary alloy NWs and the understanding of the electrical properties of InGaP and GaAs NWs grown by TASE.

In the early stage of this collaboration, CL mapping was used to provide useful feedback on the first attempts to grow ternary alloys NWs by TASE, aiming to obtain a direct 1.7 eV band gap along the whole structures. This analysis showed that TASE approach reached quickly a maturity for the development of InGaP NWs (contrary to GaAsP NWs). Upon optimization of the morphology, composition and crystal structure of undoped In0.7Ga0.3P NWs, a methodic investigation on the active doping level has been performed by studying a series of samples 

) and high (c) magnification cross-sectional SEM images of the solar cell; d) J(V) characteristics in dark and under AM1.5G 1 Sun irradiation; e) Illuminated J(V) characteristic; f) Percentage EQE of the cell; g) EBIC maps overlapping the corresponding SEM images at different magnifications; h) EBIC profile across the p-n junction (black line) and exponential fitting for Ldiff estimation (red dashed lines).

A3. Model for the doping level estimation in single NWs

The estimation of the doping level across the axial junction contained in InGaP/Si NWs grown by TASE is based on a 1D model which assumes that in the NWs the SCR across the junction is confined. On this basis, the doping level can be estimated once the position of this region with respect to the junction interface is extracted, as described in Chapter 3. However, the application of this model requires several assumptions on the electron beam/NW interaction, effect on the band bending in the radial direction and the electrical behavior of the heterojunction. These assumptions are discussed in this Annex.

Figure A.3 a) Axial EBIC profiles acquired at different radial positions; b) NextNano simulation of the axial band diagram of an InGaP/Si NW (solid lines) and the axial band diagram considered for the doping estimation (dashed lines); c) A schematic drawing representing the case of punctual (ideal) and nonpunctual (real) e -beam/NW interaction volume. The axial EBIC profiles in the two cases is plotted aside. The green stars represent the position of the SCR boundaries. The error of this measurement is highlighted in yellow (Wint/2); d) Casino simulation of the e -beam/NW interaction in the experimental conditions.

Assumption I: The radial carrier transport can be neglected, i.e. a 1D model along the NW axis can be used.

Generally, the presence of surface states in NWs creates a band bending in the radial direction which compete with the carrier transport in the axial direction. To verify whether this effect is negligible, several EBIC profiles are acquired on the same NWs at different radial positions (Figure A.3a). By overlapping the profiles, it is observed that:

• No difference in the hole diffusion current in the n-InGaP segment;

• The peak induced current is slightly higher in the inner profiles (probably due to the higher generated carrier density;

• Small difference is observed in the electron diffusion current in the p-Si segment between inner and outer profiles.

Therefore, it can be concluded that the radial band bending is negligible and a 1D model can be used for the estimation of the doping in the InGaP segment.

Assumption II: The presence of the band offset across the heterojunction does not influence the EBIC map.

The electric field across the InGaP/Si interface arises from the combination of two contributions: the p-n junction (built-in field) and the presence of a band offset. By the NextNano software, the axial band profile is simulated as shown in Figure A.3b (solid lines). The simulation indicates that a heterojunction of the type II arises at this interface, which induces a band bending in the same direction of the p-n junction. In this situation it is reasonable to assume that the effect of the band offset can be neglected with respect to the built-in field. In other terms, it is possible to model the charge transport across the junction considering a homo-junction with a band gap equal to the one of the InGaP segment (1.7 eV).

To be noticed that under electron beam, the generated carrier density is inversely proportional to the material band gap 181,154 , hence in Si the excess carrier density is around 30% higher than in InGaP. Indeed, this assumption implies a quantitative error in the carrier generation rate in the Si segment. However, this approximation is not expected to alter the measured extension of the collected area across the junction. Therefore, the equations for a homojunction reported in Section 3.2.3 can be applied for the doping evaluation in the present case.

Thanks to the use of micromanipulators to establish an electrical contact which allow to change easily the contact position, this analysis has become a current investigation protocol in our group to probe the doping type in different points during the measurements and therefore having a quick feedback on the sample under investigation.

Annex B: Other Reaserch Works

In this Annex I briefly describe three research works performed during my Ph.D. by means of electron beam-based techniques on systems different from NW solar cells. The aim is to show that the use of VSEC, EBIC and CL techniques have a high throughout for a wide range of optoelectronic devices (SC, LEDs and photodetectors) with different geometries (thin films, µwires and NWs) and different materials (α-Si, GaN, AlN). As the case of NW solar cells discussed in the previous Chapters, in this Section it is highlighted that electron beam-based techniques are versatile tools which find a wide range of applications in fundamental physics, material analysis and device characterization.

B1. VSEC analysis on thin film α-Si solar cells

The aim of this work is to investigate the sensitivity of VSEC technique to the surface potential to widen its applicability to nanoscale surface characterization. For this purpose, SE contrast profiles under bias are acquired on an α-Si interdigitated back contact (IBC) solar cells produced by IMEC. The results are compared with Kelvin Probe Force Microscopy (KPFM) measurements performed on the same sample. The complete work can be found in ref. [START_REF] Narchi | Surface potential investigation on interdigitated back contact solar cells by Scanning Electron Microscopy and Kelvin Probe Force Microscopy: Effect of electrical bias[END_REF] . KPFM is a scanning probe microscopy technique that measures the surface potential of a sample by monitoring the amplitude of the AFM cantilever operated in tapping mode. KPFM has proven to be an effective tool to investigate the electrical behavior of solar cells at the nanoscale 187,188 . Figure B.1a shows the schematic architecture of the IBC cell: it is a silicon heterojunction solar cell with measured energy conversion efficiency of 19.1%. The backside is covered directly by an intrinsic hydrogenated amorphous silicon layer (α-Si:H). Afterwards, n + doped α-Si:H and p + doped α-Si:H layers are deposited side by side, forming respectively the n + α-Si:H and the p + α-SEM signal remains constant on the Cu/ITO/p + α-Si:H electrode with applied electrical bias because it is grounded. On the Cu/ITO/n + α-Si:H electrode, the SEM signal increases with increasing electrical bias and the contrast between the two contacts decreases, until it is reversed in forward electrical bias. For forward biases over 0.5 V, the changes in SE contrast are much less visible than for reverse electrical bias probably due to a voltage drop related to a high series resistance at the contacts.

In order to compare the sensitivity of SEM and KPFM measurements to electrical bias, we have studied its effect on the average signal from the four regions of the cell: (i) the Cu/ITO/p + α-Si:H electrode, (ii) the Cu/ITO/n + α-Si:H electrode, (iii) the n + α-Si:H layer and (iv) the p + α-Si:H layer.

The results shown in Figure B.1c and d report respectively the obtained SEM and the KPFM curves, showing a linearity with applied electrical bias in the reverse bias mode, in good agreement with literature results 189 . The closer to the biased electrode, the higher is the slope. For KPFM, the slope on the Cu/ITO/n+ α-Si:H electrode is equal to 1, which means that our measurements are quantitatively correct: if we apply an electrical bias of -1 V for instance, the surface potential drop equals to -1 V. For both measurements, saturation happens quickly in forward bias because of a high series resistance due to non-ideal contacting on both systems. This explanation is confirmed by J(V) curves on each setup, compared to that performed on a regular probe station under a solar simulator.

B2. Investigation of InGaN/GaN µ-wires LEDs

In this work an investigation of InGaN/GaN microwires (µ-wires, with a diameter around 1.2 µm) LEDs produced by GLO Company (Sunnyvale, USA) is carried out. This work has been carried out for a long time and therefore previous Ph.D. students have contributing. Among them Pierre Lavenus, Hezhi Zhang and Vladimir Neplokh have carried out the initial characterization and have demonstrate the final improvement of the electroluminescence (EL) yield.

Each µ-wire LED contains an n-GaN axially grown core, an n-GaN radially grown underlayer, an InGaN active region and a p-GaN outer shell. The active region consists of multiple InGaN quantum wells designed to emit at 460 nm (blue). However, the device exhibits unexpected features: performing electroluminescence analysis, a parasitic peak at 510 nm (green) is observed in addition to the target blue emission. The parasitic emission is also predominant at low current The profile shows an asymmetry along the axis, with a sudden increase of the induced current collected close to the disks and a diffusion-like decrease towards the bottom end of the NW. This behavior indicates that the active region of the NW is not given by the AlN/GaN region, but it is the region next to it. The direction of the current is consistent with a collection of charges from the n-GaN base and the MQDs region (following the notation in panel b). The EBIC map and profile on the NWs B show a strong decrease of the collected current, correlating directly the high conductivity observed in the I(V) curve to the poor charge collection in a single NW.The charge collection in NWs A is investigated also by means of cathodoluminescence mapping, which can offer an insight on the optical properties of the structure and is sensitive to carrier spitting phenomena, as reported in the literature 169,178 . The results of the CL analysis on a single NW are reported in panel i. The characteristic emission spectra over the whole NW are characterized by two main peaks at 361 nm (3.43 eV) and 344 nm (3.605 eV), respectively corresponding to the D°X transition of the exciton in free-GaN and strained GaN. The strain-induced blue-shift is likely to arise due to the presence of the outer shell. In addition, several high energy peaks are found, with peak wavelength varying from NW-to-NW. CL maps were filtered for the strain free GaN (355-370 nm filter, green map), strained GaN (330-355 nm filter, blue map) and high energy peaks (290-320 nm filter, red map). Overlapping the free and the strain GaN maps it can be observed that there is a central part with very week free GaN luminescence, indicating that carrier splitting occurs in this region. The strained GaN region instead shows a very high luminescence intensity.

The maps show that the strained GaN and the high energy peaks are emitted from the same region, although in the second case the emission is much more localized. It is likely that these peaks are emitted from the disks, which explains why their spectral position is different in each structure [START_REF] Zagonel | Visualizing highly localized luminescence in GaN/AlN heterostructures in nanowires[END_REF]102 . The strained GaN signal is wider since the base is also involved.

In conclusion, EBIC microscopy enabled the observation of the charge collection in these GaN/AlN NWs demonstrating that the photodetection occurs due to the band bending arising at the n-GaN base/MQDs region interface. Moreover, in combination with single NWs I(V) measurements, EBIC maps allowed to correlate directly the decrease of resistance in NWs with a parasitic AlN/GaN radial shell with the reduction of charge collection, that results in a reduced photoconductive gain at the device level. Finally, the space charge region is imaged also with CL microscopy which shows that due to the strain induced by outer shell on the base of the NW, the GaN luminescence in this region is blue-shifted.