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dans SiNWs était responsable de la transformation du réseau cristallin cubique-en-hexagonal diamant dans SiNWs sous forte photoexcitation.

Résumé

Les nanofils de silicium (SiNWs) attirent l'attention particulière en raison de leurs applications thermoélectriques prometteuses. La faible conductivité thermique et les propriétés électriques proches du Si massif en font un nanomatériau thermoélectrique idéal dans le concept de "verre à phonons -cristal à électrons". Théoriquement, les valeurs du facteur de mérite thermoélectrique (ZT) pour SiNW peuvent atteindre 3 à la température ambiante. ZT = 0,7 a été déjà obtenu expérimentalement pour des SiNW individuels, ce qui est proche de ZT pour les chalcogénures de bismuth (ZT = 0,8 -1,0) qui sont couramment utilisés. De point de vue pratique, il faut savoir fabriquer des réseaux de SiNWs à faible coût.

Dans cette thèse, nous avons cherché: (i) à adapter des technologies existantes pour la fabrication des SiNWs fortement dopés, (ii) à développer des méthodes de caractérisation sans contact et non destructive des propriétés électriques et thermiques de réseaux de SiNWs, (iii) à fabriquer et caractériser des réseaux de SiNWs à haute conductivité électrique et faible conductivite thermique.

Les résaux des SiNW ayant la morphologie et le niveau de dopage nécessaires pour obtenir un ZT maximal ont été fabriquées par gravure chimique assistée par métaux de substrats de silicium.

Une procédure de dopage post-fabrication a été développée en utilisant la diffusion thermique d'atomes de dopant à partir de solutions de dopage (via un dépôt spin-on). En particulier, les réseaux de nanofils de silicium ayant un diamètre typique de 100 nm, une longueur de 10 µm, une morphologie de type "coeur crystallin/ surface rugueuse" et un niveau de dopage de 10 20 cm -3 , presque uniforme le long des nanofils, ont été obtenus. Des techniques de spectroscopie infrarouge et Raman ont été développées pour estimer la concentration en porteurs de charge libre dans SiNWs. Sur la base des valeurs de la concentration de porteurs, la résistivité électrique des SiNWs a été estimée par des mesures électriques à deux sondes. La méthode de spectroscopie Raman et la modélisation du transport de chaleur ont été développées pour déterminer la conductivité thermique des SiNWs. Les réseaux de SiNWs fabriqués ont eu une résistivité électrique d'environ 1-5 mΩ*cm et une conductivité thermique d'environ 1 W/(m*K).

Il a été démontré que le gradient de température le long des nanofils dans les réseaux de SiNWs à chauffage photo-induit existe à une profondeur d'environ 10 µm, ce qui limite la longueur maximale des nanofils dans les réseaux de SiNWs pour des applications thermoélectriques. Il a été démontré que la contrainte mécanique induite par le gradient de température achieved at room temperature, and experimentally ZT = 0.7 were already observed for individual SiNWs, which is close to ZT for commonly used bismuth chalcogenides (ZT = 0.8-1.0). For practical application of SiNWs, the low-cost fabrication methods for SiNWs arrays with high ZT should be achieved.

In this thesis we aimed: (i) to adapt available semiconductor technology for fabrication of highly-doped SiNWs arrays, (ii) to develop contactless methods for non-destructive characterization of electrical and thermal properties of the SiNWs arrays, (iii) to fabricate and characterize SiNWs arrays with high electrical and low thermal conductivities.

The arrays of SiNWs with the morphology and doping level necessary for maximum ZT were fabricated using metal-assisted chemical etching of silicon wafers and post-fabrication doping procedure, which consisted of the thermal diffusion of dopant atoms from spin-on dopant solutions. In particular, the arrays of silicon nanowires with a typical diameter of 100 nm, length of 10 µm, bulk core/rough surface morphology and doping level of 10 20 cm -3 , nearly uniform along nanowires, were obtained. The infrared and Raman scattering techniques were developed to probe free charge carrier concentration in SiNWs. Being based on the determined values of free charge carrier concentration, the electrical resistivity of SiNWs was estimated and verified by two-probe electrical measurements for SiNWs arrays. The Raman spectroscopy method and heat transport modeling were developed to determine thermal conductivity of SiNWs. Fabricated SiNWs array exhibited the electrical resistivity of about 1-5 mΩ*cm and the thermal conductivity of about 1 W/(m*K).

It was shown, that the temperature gradient along nanowires in SiNWs arrays under photoinduced heating exists to a depth about 10 µm, which limits the maximum nanowire length in SiNWs arrays for thermoelectric applications. The temperature gradient induced mechanical stresses in SiNWs were shown to be responsible for the cubic-to-hexagonal diamond crystalline lattice transformation in SiNWs under the strong photoexcitation.
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In-depth profile of the free hole concentration in SiNWs array after the additional doping using the standard spin-on dopant (black points) and one, fourfold diluted with ethanol, applied to SiNWs four times before the annealing (red points). The RTA annealing for 15 s with a maximum temperature of about 950 0 C was used for both samples. The lines are to guide the eye, z is the depth coordinate with z = 0 at SiNWs top and z = L at SiNWs/c-Si interface. . . . . . . . . . . . . . 

Ω = 528.2 [cm -1 ] - 0.025 [cm -1 /K] * T ; Γ = 1.9 [cm -1 ] + 0.0083 [cm -1 /K] * T ,
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General introduction

Thermal energy conversion is one of the critical issues in modern energy technology due to the increasing demand in waste heat utilization and ecological power sources. Thermoelectric (TE) generators, which use temperature difference to create an electric current, are attracting increasing attention due to numerous advantages, such as direct energy conversion, absence of moving parts and long service life. For years, TE generators were mainly developed to generate electrical power in severe conditions, e.g. in space, due to their extreme reliability. Low efficiency and relatively high cost of current TE materials does not allow the widespread use of TE generators.

The capability of TE material to efficiently produce thermoelectric power is described by its

TE figure of merit ZT = S 2 σ T k ( 1 
)
where S is the Seebeck coefficient, σ is the electrical conductivity, k is the thermal conductivity, T is the absolute temperature. The figure of merit of TE material is related to the efficiency of TE generator. The optimal TE material should have thermal properties like that of a glass, and electrical properties like that of a single-crystal. Slack G.A. (1995) has described the perfect material for TE applications within the concept of "phonon-glass electron-crystal". Such a material possesses a low thermal conductivity and a good electrical conductivity, which enhances its TE performance.

Silicon nanowires (SiNWs) represent a promising thermoelectric material within the framework of the concept "phonon-glass electron-crystal". Rough SiNWs exhibit low thermal conductivity close to that of amorphous silicon and bulk-like electrical properties. For the optimal doping level (∼ 10 20 cm -3 ), ZT in SiNWs can reach the value of three at room temperature, which exceeds the current values for commercial thermoelectric materials. The highest experimentally observed value of ZT for individual SiNWs at T = 300 K is of about 0.7 [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF], which is close to that for commonly used bismuth chalcogenides (ZT = 0.8-1.0).

The actual problems on the way to creating efficient SiNWs-based TE devices include the lack of low-cost, large-area and simple fabrication methods for highly-doped SiNWs arrays.

While the thermal and electrical conductivity of individual SiNWs have been studied in sufficient detail, there are few relevant data for low-and highly-doped SiNWs arrays. The characterization of SiNWs arrays is challenging, and the contactless, nondestructive methods for characterization of SiNWs arrays are of high importance.

We have carried out the systematic research of thermal and electrical properties of SiNWs arrays, fabricated by wet chemical etching, followed by additional thermo-diffusional doping.

We developed optical methods for express-diagnostics of thermal and electrical properties of SiNWs arrays. We have shown that fabricated highly-doped SiNWs possess the low thermal and high electrical conductivity, which is essential for TE applications.

PhD thesis consists of six chapters:

-First chapter represents the literature review, and it provides the state of the art on fabrication and doping of SiNWs, their structural, thermal and electrical properties. The optimal morphology and doping level of SiNWs for thermoelectric applications is discussed, and the strategy for fabrication of SiNWs arrays with optimal properties is chosen.

-Second chapter provides a summary of the methods used for fabrication and doping of SiNWs arrays, as well as of the used characterization techniques. An overview of the investigated samples, including the fabrication conditions, morphology, doping type and level, is given.

- approaches, such as wet chemical etching [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF], reactive ion etching (RIE) [START_REF] Hsu | Wafer-scale silicon nanopillars and nanocones by langmuir-blodgett assembly and etching[END_REF][START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF], combined with different lithographic techniques [START_REF] Chen | Fabrication of high aspect ratio silicon pillars of< 10 nm diameter[END_REF][START_REF] Auzelyte | Large area arrays of metal nanowires[END_REF], as well as vapour-liquid-solid (VLS) method implemented by chemical vapour deposition [START_REF] Wagner | Vapor-liquid-solid mechanism of single crystal growth[END_REF], laser ablation [START_REF] Morales | A laser ablation method for the synthesis of crystalline semiconductor nanowires[END_REF], molecular beam epitaxy [START_REF] Kanungo | Controlled in situ boron doping of short silicon nanowires grown by molecular beam epitaxy[END_REF]. All the fabrication procedures can be classified under two main categories: (a) the top-down approaches and (b) the bottom-up approaches [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF].

The top-down approaches consist in the removal of the material from initial c-Si wafers.

Standard etching process to remove silicon are the wet chemical etching and RIE, which can produce highly uniform vertical SiNWs arrays on c-Si wafers [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. Besides, they are commonly used to fabricate horizontal SiNWs on silicon-on-insulator substrates [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF][START_REF] Kim | Seebeck Coefficient Characterization of Highly Doped <I>n</I>-and <I>p</I>-Type Silicon Nanowires for Thermoelectric Device Applications Fabricated with Top-Down Approach[END_REF]. The lithographic techniques, such as the electron-beam [START_REF] Chen | Fabrication of high aspect ratio silicon pillars of< 10 nm diameter[END_REF] or the extreme ultra-violet interference lithography [50], can be used to create an etching mask and define the etching pattern. The role of the etching mask is to protect certain areas of the wafer, which can also be easily achieved by patterning using the nanosphere assembly or nano-imprint lithography [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. The nanosphere assembly approach involves silica (SiO 2 ) or polymer spheres deposited on the wafer using the spin coating, dip coating, roll coating or the Langmuir-Blodgett methods [START_REF] Hsu | Wafer-scale silicon nanopillars and nanocones by langmuir-blodgett assembly and etching[END_REF][START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF]. The deep reactive ion etching (DRIE) technique was developed to obtain high aspect-ratio SiNWs [START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF].

The SiNWs length and diameter can be controlled by the RIE time and the silica nanosphere diameter. Highly oriented SiNW arrays can also be produced by metal-assisted chemical etching (MACE) of c-Si wafers [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF]. The etching mask can be produced by immersing the wafer in a HF-AgNO 3 solution [START_REF] Peng | Synthesis of large-area silicon nanowire arrays via self-assembling nanoelectrochemistry[END_REF]. Also, to create the etching mask, the annealing of the Ag film was used to obtain spherical Ag particles on c-Si wafer, which served as the inverse pattern. Then the Au layer was deposited on c-Si wafer with Ag spheres with subsequent liftoff of Ag to create the Au etching mask [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF]. MACE is performed in an aqueous solution containing HF and oxidizing agents, e.g. H 2 O 2 or Fe(NO 3 ) 3 [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF]. Highly ordered SiNWs arrays with controlled diameter can be obtained by the combination of lithography techniques and MACE [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF][START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF]. The crystalline structure and morphology of SiNWs, fabricated by top-down approach, is determined by those of the initial c-Si substrate [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF][START_REF] Garnett | Light trapping in silicon nanowire solar cells[END_REF].

The most common bottom-up approach to synthesize SiNWs is based on the VLS mechanism [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. Wagner et al. were the first to use this method to grow SiNWs epitaxially on c-Si [START_REF] Diarra | Ionization energy of donor and acceptor impurities in semiconductor nanowires: Importance of dielectric confinement[END_REF] substrates using Au as a catalyst [START_REF] Wagner | Vapor-liquid-solid mechanism of single crystal growth[END_REF]. The VLS method works well over a wide range of nanowire lengths (∼ 100 nm ÷ 100 µm) and diameters (∼ 1 nm ÷ 1 µm) [START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF]. This process also offers the advantage of in-situ doping by introducing dopant gases (e.g. PH 3 or B 2 H 6 ) in order to achieve n-type or p-type doping [START_REF] Gudiksen | Growth of nanowire superlattice structures for nanoscale photonics and electronics[END_REF][START_REF] Cui | Doping and electrical transport in silicon nanowires[END_REF]. The porous anodic aluminum oxide templates were used in the VLS growth method to obtain highly-ordered SiNWs arrays [START_REF] Shimizu | Synthesis of vertical high-density epitaxial si (100) nanowire arrays on a si (100) substrate using an anodic aluminum oxide template[END_REF]. The VLS nanowire growth methods have been demonstrated by various techniques [START_REF] Yu | Design and fabrication of silicon nanowires towards efficient solar cells[END_REF], such as chemical vapor deposition [START_REF] Wagner | Vapor-liquid-solid mechanism of single crystal growth[END_REF], plasma-enhanced chemical vapour deposition [START_REF] Hofmann | Gold catalyzed growth of silicon nanowires by plasma enhanced chemical vapor deposition[END_REF], molecular beam epitaxy [START_REF] Fuhrmann | Ordered arrays of silicon nanowires produced by nanosphere lithography and molecular beam epitaxy[END_REF], laser ablation [START_REF] Morales | A laser ablation method for the synthesis of crystalline semiconductor nanowires[END_REF]. Due to the nature of VLS mechanisms, the choice of precursors and catalysts plays a significant role in the nanowire synthesis [START_REF] Dutta | Si nanowire solar cells: Principles, device types, future aspects, and challenges[END_REF]. Especially, the oxide assisted growth mechanism, an approach to grow SiNWs without the presence of metal catalysts, is favorable for high performance device without metal contamination [START_REF] Yu | Design and fabrication of silicon nanowires towards efficient solar cells[END_REF]. In this case the SiNWs array is a quasi-one-dimensional structure, in which the lateral thermal and electrical transport is strongly suppressed compared to the one along SiNWs. The following sections discuss the MACE and VLS mechanisms in detail as the most commonly used for fabrication of SiNWs with high thermoelectric performance.

Metal-assisted chemical etching a) Mechanism

Metal-assisted chemical etching (MACE) is a low-cost top-down method, which allows to fabricate large-area vertically aligned SiNWs arrays with high uniformity. In this method, noble metal mask is formed on a silicon substrate and then the silicon underneath the metal is etched off, leaving behind arrays of SiNWs. MACE process requires two fundamental components:

(i) an oxidant, which can oxidize the metal nanoparticles and (ii) an etchant to dissolve the ionic silicon. The metal plays a role of a local catalyst of the etching reaction, and provides the anisotropic etching of Si wafer. MACE allows versatile control of SiNWs morphology (diameter, length, surface roughness), crystalline orientation and density of SiNWs array by varying the c-Si wafer, noble metal, type and concentration of oxidant and etchant [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF].

To fabricate SiNWs arrays with the diameter of about 100 nm and length of 10-100 µm for thermoelectric applications, Ag (silver) assisted MACE is usually used, performed in two steps.

The following mechanisms take place [START_REF] Smith | Mechanism of nanowire formation in metal assisted chemical etching[END_REF]: 2. Ag nanoparticles are reduced by taking an electron from Si wafer:

Ag + → Ag 0 ; Si 0 → Si + . This step is similar to the Ag deposition on Si substrate from the solution.

3. Si + is dissolved in HF. on the etching conditions, bulk core/rough surface and porous SiNWs, as well as por-Si can be formed. The pore formation in SiNWs during the etching is mainly due to two reasons. First, Ag is known to be dissolved in HF via oxidation and formation of Ag + ions [START_REF] Weiss | The catalytic decomposition of hydrogen peroxide on different metals[END_REF]. If the rate of Ag 0 oxidation is higher than the rate of Ag + reduction, the formed Ag + ions go into the solution and then redeposit in other places of SiNWs, where pores in Si are later formed [START_REF] Fang | Silver catalysis in the fabrication of silicon nanowire arrays[END_REF]. Secondly, the holes in Si wafer can diffuse away from the metal-coated area and cause the dissolution of Si by HF [START_REF] Smith | Mechanism of nanowire formation in metal assisted chemical etching[END_REF]. The latter fact explains the formation of porous SiNWs or even por-Si on highly-doped Si wafers. Also, the stain etching of Si due to direct oxidation of Si by H 2 O 2 or due to holes in Si wafer also increases the surface roughness of SiNWs, at that, the etching rate for MACE is considerably higher than that for the stain etching [START_REF] Kolasinski | Electron transfer during metal-assisted and stain etching of silicon[END_REF]. Fig. 

b) Role of substrate doping type

c) Role of substrate crystalline orientation

The etching of Si substrates in the MACE method is anisotropic and occurs mainly in < 100 > crystallographic direction. By etching (100) c-Si substrates, vertically oriented nanowires perpendicular to the substrate are formed [START_REF] Balasundaram | Porosity control in metal-assisted chemical etching of degenerately doped silicon nanowires[END_REF]. For the substrates with a different crystallographic orientation, the etching in most cases occurs at an inclination to the substrate surface, in one of the directions equivalent to < 100 > [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF]. For example, MACE of ( 100) and ( 110) oriented low-doped c-Si substrates resulted in vertically and slantingly SiNWs, respectively, which was explained by etching anisotropy along < 100 > direction [START_REF] Wu | Facile morphological control of singlecrystalline silicon nanowires[END_REF]. Despite the etching anisotropy, for the substrates with a crystallographic orientation other than (100), there were developed methods that allow to obtain vertically oriented nanowires [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF][START_REF] Wu | Facile morphological control of singlecrystalline silicon nanowires[END_REF].

d) Ag redeposition during MACE

Accordingly to the above, Ag nanoparticles are dissolved in HF via oxidation, and Ag + ions redeposit on SiNWs walls [START_REF] Weiss | The catalytic decomposition of hydrogen peroxide on different metals[END_REF]. Ag + to diffuse away and react at more remote sites [START_REF] Fang | Silver catalysis in the fabrication of silicon nanowire arrays[END_REF], thereby creating a general bulk etching effect.

e) Morphology of MACE-SiNWs

MACE method allows to control various parameters of SiNWs, such as cross-sectional shape, diameter, length, orientation, porosity and doping level. The diameter and cross-sectional shape of SiNWs obtained by MACE is determined by the shape of the metal layer before etching. For example, using the metal films containing identical ordered pores, ordered arrays of SiNWs with the same cross-sectional shape and equal diameters can be formed [START_REF] Huang | Metal-assisted chemical etching of silicon: A review[END_REF]. The length of SiNWs is increases with the etching time and is proportional to the etching rate. The etching rates of about 0.4-1 µm/min can be expected for Ag-assisted MACE [START_REF] Liu | Fabrication of bifacial wafer-scale silicon nanowire arrays with ultra-high aspect ratio through controllable metal-assisted chemical etching[END_REF]. as by the increase in the stain etching rate. In general case, the influence of the parameter

ρ etch = [HF]/([HF] + [H 2 O 2 ]
) on the morphology of MACE-SiNWs was thoroughly studied, however the contradictory results were obtained [START_REF] Wang | Oxidant concentration modulated metal/silicon interface electrical field mediates metal-assisted chemical etching of silicon[END_REF][START_REF] Liu | Fabrication of bifacial wafer-scale silicon nanowire arrays with ultra-high aspect ratio through controllable metal-assisted chemical etching[END_REF][START_REF] Kolasinski | Electron transfer during metal-assisted and stain etching of silicon[END_REF][START_REF] Chiappini | Biodegradable porous silicon barcode nanowires with defined geometry[END_REF][START_REF] Chartier | Metal-assisted chemical etching of silicon in HF-H2O2[END_REF].

The type and doping level of SiNWs obtained by MACE are determined by the values of these parameters for the c-Si substrate. However, the substrate doping level also affects the morphology of the formed nanowires. It was established that with an increase in the doping level of the substrate, SiNWs with more rough walls are formed [START_REF] Geyer | Influence of the doping level on the porosity of silicon nanowires prepared by metal-assisted chemical etching[END_REF]. Fig. 1.8 shows the TEM images of SiNWs, fabricated on p-type boron-doped c-Si with different doping level by Ag-assisted MACE using the pre-deposited 50 nm Ag film and 4.8 M HF/ 0.3 M H 2 O 2 etching solution. The increase in surface roughness with c-Si doping level from 10 14 to 10 16 cm -3 can be seen, while porous SiNWs are formed on 10 18 cm -3 substrates. The formation of mesoporous SiNWs on p-type c-Si wafers with doping level of 10 19 cm -3 was reported [START_REF] Hochbaum | Single crystalline mesoporous silicon nanowires[END_REF]. It is important to note, that in contrast to the smooth nanowire surfaces, typical for VLS-grown SiNWs, the surface of SiNWs produced by MACE is much rougher (see Fig. 1.9). The mean roughness height of MACE-SiNWs nanowires is usually of about 1 -5 nm with a roughness period of the order of several nanometres [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF]. f) Crystalline structure of MACE-SiNWs Fig. 1.8 shows that MACE-SiNWs with both bulk and porous morphology are single crystalline, which was also proved by selected area electron diffraction (SAED) measurements [START_REF] Hochbaum | Single crystalline mesoporous silicon nanowires[END_REF].

The crystalline structure of SiNWs can be also studied by the Raman spectroscopy. Fig. 1.10

shows the Raman spectrum for low-doped MACE-SiNWs array. SiNWs length is of 35 µm and the diameter is about 150 nm. At low excitation laser intensity the one-phonon Raman spectrum of SiNWs coincides with the one for c-Si, which implies the same crystalline structure of SiNWs and initial c-Si wafers. Note, the quantum confinement of phonons, which leads to the asymmetric low-frequency broadening of the Raman peak for SiNWs [START_REF] Paillard | Improved onephonon confinement model for an accurate size determination of silicon nanocrystals[END_REF], takes place for SiNWs diameter below 10 nm [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF][START_REF] Niquet | Electronic structure of semiconductor nanowires[END_REF]. The low-frequency shift and broadening of the Raman peak of SiNWs with increasing laser power is related to the photo-induced heating of SiNWs [START_REF] Isaiev | Anisotropic heat conduction in silicon nanowire network revealed by raman scattering[END_REF].

Vapour-liquid-solid growth a) Mechanism

Let us consider the synthesis of SiNWs by bottom-up methods. The main problem for obtaining nanowires using the bottom-up method is to provide the anisotropic crystal growth. A widely used method for the growth of nanowires of various materials is the vapour-liquid-crystal (VLS) method. In this method, anisotropic crystal growth is facilitated by the presence of the border liquid melt/crystal. SiNWs are usually grown from Si vapors using Au (gold) particles as a solvent at high temperature [START_REF] Park | Thermal conductivity of vls-grown rough si nanowires with various surface roughnesses and diameters[END_REF]. The growth of nanowires in the VLS method is explained by the fact that, based on the phase diagram of Si-Au, Si and Au form a liquid melt at a temperature above the eutectic point (363 0 C). The liquid surface of the melt has a large coefficient of accommodation, therefore, the Si atoms from the vapor are deposited mainly on it. After the liquid melt is saturated with silicon, the growth of Si nanowires begins due to precipitation at the liquid-crystal surface [START_REF] Li | Thermal conductivity of individual silicon nanowires[END_REF]. Thus, the growth of nanowires occurs in 3 stages: (1) the formation of a Si-Au melt, (2) the formation of nuclei of a nanocrystal, (3) elongation of Si nanowires (due to the predominant deposition of Si vapors on the melt drop, and not on the lateral surface of the growing nanowire).

The schematic illustration of VLS growth is shown in Fig. 1.11 (a).

For the implementation of the VLS method, it is important that the solvent and the synthesis temperature satisfy the following conditions: first, the solvent and nanowire materials should be able to form a melt, and it is desirable that the melt has a eutectic point; secondly, the synthesis temperature should be in the range between the eutectic point and the melting point of the nanowire material [START_REF] Wu | Inorganic semiconductor nanowires: rational growth, assembly, and novel properties[END_REF]. Si vapour, required during the growth of SiNWs, can be obtained both by physical (laser ablation, thermal evaporation) and chemical methods (chemical vapor deposition, etc.).

While most of the SiNWs grown by VLS process are made using Au as a catalyst, it was found that Au introduces the impurity energy levels within the Si bandgap, which act as deep level traps that decrease free charge carrier mobility [START_REF] Kayes | Growth of vertically aligned si wire arrays over large areas (> 1 cm 2) with au and cu catalysts[END_REF][START_REF] Wang | General properties of local plasmons in metal nanostructures[END_REF]. This disadvantage of the Au catalyst provoked the search for alternative metal catalysts, such as Al, Ag, Cu, Ni, Pt, etc. [START_REF] Dutta | Si nanowire solar cells: Principles, device types, future aspects, and challenges[END_REF].

b) Morphology and crystalline structure of VLS-SiNWs

For the applications, the arrays of nanowires on the substrate rather than individual nanowires are needed, and it is important that all nanowires in the array are oriented in the same direction relative to the substrate. In the VLS method, nanowires grow epitaxially, that is, the crystallographic orientation of the growing atomic layers repeats the crystallographic orientation of the previous ones. As a rule, nanowires have certain crystallographic growth directions, in the case of silicon nanowires it is < 111 > direction. Using Si plates with the (111) crystallographic orientation as substrates for the synthesis of SiNWs, one can obtain arrays of the same (vertically) oriented nanowires [START_REF] Lim | Quantifying surface roughness effects on phonon transport in silicon nanowires[END_REF]. When using (001) substrates, 3 sets of nanowires are formed, oriented along 3 directions equivalent to < 111 > [START_REF] Wu | Inorganic semiconductor nanowires: rational growth, assembly, and novel properties[END_REF].

The VLS method also allows to control the arrangement of nanowires on the substrate, which is determined by the initial arrangement of particles or thin Au films. Using various lithographic techniques, one can create the templates of the thin films or nanoparticles of the solvent to produce ordered arrays of nanowires. To control the density of nanowires on the substrate, in addition to templates, thin Au films are also used. When heated, thin films congregate into Au droplets close to each other, and the diameters and density of the droplets on the substrate depend on the thickness of the initial film and the synthesis temperature. During the synthesis of nanowires using thin solvent films, the density of nanowires on the substrate is controlled by changing the thickness of the original Au film [START_REF] Wu | Inorganic semiconductor nanowires: rational growth, assembly, and novel properties[END_REF]. which was also proved by X-ray diffraction and SAED [START_REF] Jangid | Crystalline core/amorphous shell structured silicon nanowires offer size and structure dependent reversible na-storage[END_REF]. The one-phonon Raman spectra of VLS-SiNWs represent a single peak at about 520 cm -1 , the same as that of c-Si [START_REF] Niu | Temperature dependence of the first-order raman scattering in silicon nanowires[END_REF].

Hexagonal diamond silicon and other polymorphs

Thermoelectric properties of SiNWs can be improved by using various polymorphs of silicon.

Fig. 1.12 shows the overview of the most common silicon polymorphs, including high pressure phases, low pressure phases that can potentially be stabilized at ambient conditions, as well as theoretically proposed but not yet observed phases. Among the known Si polymorphs, hexagonal diamond silicon (hex-Si) attracts increasing research interest due to the possible superior thermoelectric properties [START_REF] Raya-Moreno | Thermal conductivity of hexagonal si and hexagonal si nanowires from first-principles[END_REF][START_REF] Cui | Band gap engineering of wurtzite silicon by uniaxial pressure[END_REF]. Unlike other Si polymorphs, it is metastable at the room temperature [START_REF] Wippermann | Novel silicon phases and nanostructures for solar energy conversion[END_REF] and can be rather easily synthesized in SiNWs by VLS-method among with the cubic diamond (cub-Si) phase and other Si polymorphs [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF][START_REF] Lopez | Silicon nanowire polytypes: identification by raman spectroscopy, generation mechanism, and misfit strain in homostructures[END_REF][START_REF] Liu | Kinetically-induced hexagonality in chemically grown silicon nanowires[END_REF]. It is worth to note that the crystalline phase transition from cub-Si to hex-Si phase can occur in bulk Si under high pressures (>11 GPa) at T = 300 K with subsequent annealing above 470 K [START_REF] Wippermann | Novel silicon phases and nanostructures for solar energy conversion[END_REF][START_REF] Weills | Characterization of Si III and Si IV metastable phases[END_REF]. The same phase transition was also observed upon indentation of bulk cub-Si [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF]. Fig. 1.13 shows the hex-Si phase in SiNWs grown by VLS method. The shown SiNW has a diameter of about 5 nm at its base and a length of about 20 nm. A thin amorphous SiO x can be seen at the surface SiNW, the core part has crystalline structure. It can be seen that SiNW exhibits a cub-Si phase near its base and a 2H hex-Si phase at its top. The electron diffraction pattern of SiNW also exhibits 2H diffraction spots that cannot be interpreted as originating from cubic stacking [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF]. Note, that the difference between the types of stacking of close packed planes (which defines polytypism) is only directly visible in [START_REF] Morin | Electrical properties of silicon containing arsenic and boron[END_REF] 3C /[1210] 2H , shown in Fig. 1.13, while any other zone axis will give ambiguous results [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF]. The 2H hex-Si phase in SiNWs was observed to be quite stable: it remained after 5 months in air, and after annealing at 700 0 C. The switching from cub-Si to hex-Si phase indicates that the latter was energetically favourable at the certain stage of growth, under the precise growth conditions that were present. Size effects could play a predominant role in formation of hex-Si phase in SiNWs. Since the surface-to-volume ratio in SiNWs with such a diameter is high, the surface tension from the side-walls can become Figure 1.13: Switch from the twinned cubic phase to the 2H hexagonal phase in SiNWs, grown by VLS method, associated with a change in the growth direction. The schematic shows that the relationship between the two phases is close to epitaxial [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF].

significant and cause a strong anisotropic stress on the nanowire structure, which can become an origin of hex-Si formation [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF]. Also, the hexagonal phase would have atomic surface structures with lower energy, so that the global (surface + volume) free energy would be lower [START_REF] Tang | Natural occurrence of the diamond hexagonal structure in silicon nanowires grown by a plasma-assisted vapour-liquid-solid method[END_REF][START_REF] Akiyama | Stacking sequence preference of pristine and hydrogen-terminated si nanowires on si (111) substrates[END_REF]. and a-Si at ∼ 470 cm -1 and ∼ 150 cm -1 , (b) hex-Si at 508 cm -1 . Adapted from [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF].

Along with TEM, the Raman spectroscopy was shown to be an efficient technique to identify presence of hex-Si at near-surface regions in bulk and nanoscale cub-Si due to different phonon frequencies of the polymorphs [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF][START_REF] Lopez | Silicon nanowire polytypes: identification by raman spectroscopy, generation mechanism, and misfit strain in homostructures[END_REF][START_REF] Algra | Crystal structure transfer in core/shell nanowires[END_REF]. In particular, it was established that the one-phonon Raman spectrum of hex-Si crystalline phase at T = 300 K consists of a single peak centered in the range of 495-510 cm -1 [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF][START_REF] Hauge | Hexagonal Silicon Realized[END_REF], while the Raman peak for cub-Si phase is centered at 520.5 cm -1 . Note, that the amorphous silicon (a-Si) phase exhibits the Raman peak at about 480 cm -1 [START_REF] Newby | Amorphization and reduction of thermal conductivity in porous silicon by irradiation with swift heavy ions[END_REF]. However, the width of the Raman peak for a-Si at T = 300 K is usually about 70 cm -1 [START_REF] Newby | Amorphization and reduction of thermal conductivity in porous silicon by irradiation with swift heavy ions[END_REF], while the one for hex-Si and cub-Si is of about 10 and 4 cm -1 , relatively [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF].

MACE-SiNWs usually exhibit the single one-phonon Raman peak at 520.5 cm -1 , similar to bulk cub-Si (see Sec. 1.1.2). At that, the additional Raman peak at about 500 cm -1 was also reported for MACE-SiNWs [START_REF] Rodichkina | Raman diagnostics of photoinduced heating of silicon nanowires prepared by metal-assisted chemical etching[END_REF][START_REF] Shukla | Raman study of phase transformation from diamond structure to wurtzite structure in the silicon nanowires[END_REF]. In Ref. [START_REF] Shukla | Raman study of phase transformation from diamond structure to wurtzite structure in the silicon nanowires[END_REF] the origin of this additional peak was explained by the formation of hex-Si phase in SiNWs during MACE. In Ref. [START_REF] Yukhymchuk | In situ photoluminescence/raman study of reversible photo-induced structural transformation of nc-si[END_REF] a specific role of photoexcitation level in the hex-Si phase formation was emphasized for Si nanoparticles.

Impact of doping on structural properties of SiNWs

Uniform dopant incorporation into SiNWs is an important problem for their nano-electronic, sensor, photovoltaic and thermoelectric applications. The realization of the uniform doping has proven to be challenging. This section describes, how the most common fabrication techniques, such as VLS, RIE and MACE, can be adapted to obtain highly-doped SiNWs. The alternative doping strategies, which consist in the introducing of the dopant impurities into SiNWs after their fabrication, are reported and their influence on the structural properties of SiNWs is described.

In-situ doping during VLS growth

Among all the possible dopants for Si, P (phosphorus) and B (boron) represent the most common choice for n-type and p-type doping, respectively. Substitutional P and B atoms introduce very shallow energy levels in the band gap of crystalline silicon, resulting in small ionization efficiency of the impurities at room temperature and, consequently, in the presence of free charge carriers in the conduction and valence bands of Si [START_REF] Arduca | Doping of silicon nanocrystals[END_REF]. The free charge carrier concentration of the order of 10 20 and 10 21 cm -3 can be achieved for B-and P-doping respectively, which is one of the highest values among possible Si dopants [START_REF] Jones | Diffusion in silicon[END_REF][START_REF] Trumbore | Solid solubilities of impurity elements in germanium and silicon[END_REF].

The traditional approach to obtain highly-doped SiNWs is the dopant incorporation into the SiNWs during the VLS growth [START_REF] Kendrick | Uniform p-type doping of silicon nanowires synthesized via vapor-liquid-solid growth with silicon tetrachloride[END_REF][START_REF] Wallentin | Doping of semiconductor nanowires[END_REF]. One of the mechanisms responsible for the doping of SiNWs during the VLS growth is that the dopant atoms diffuse through the liquid phase and are incorporated in the growing SiNWs at the liquid-nanowire interface [START_REF] Kendrick | Uniform p-type doping of silicon nanowires synthesized via vapor-liquid-solid growth with silicon tetrachloride[END_REF]. Non-uniform radial and axial p-type doping profiles were observed in SiNWs grown using SiH 4 and doped with boron from diborane (B 2 H 6 ) [START_REF] Zhuge | Modulation of thermoelectric power factor via radial dopant inhomogeneity in b-doped si nanowires[END_REF] or trimethylboron (TMB) ([(CH 3 ) 3 B]) [START_REF] Lew | Structural and electrical properties of trimethylboron-doped silicon nanowires[END_REF] in a low pressure chemical vapor deposition. The recent approach to obtain more homogeneous doping is to use silicon tetrachloride (SiCl 4 ) as the Si source in an atmospheric pressure CVD process [START_REF] Kendrick | Uniform p-type doping of silicon nanowires synthesized via vapor-liquid-solid growth with silicon tetrachloride[END_REF]. Fig. 1. [START_REF] Jones | Diffusion in silicon[END_REF] shows the TEM images of p-type SiNWs synthesized by Au-catalyzed VLS epitaxial growth using SiCl 4 as the Si precursor and TMB as the dopant source in an atmospheric pressure CVD reactor at a temperature of 1050 0 C. A single crystal core of SiNWs, surrounded by a 1 to 2 nm thick native silicon oxide shell, can be seen. No amorphous surface coating was observed along the entire length of the SiNW, suggesting that the SiNW growth occurs predominately in the axial direction [START_REF] Kendrick | Uniform p-type doping of silicon nanowires synthesized via vapor-liquid-solid growth with silicon tetrachloride[END_REF]. The diffraction pattern confirms that SiNWs are single crystalline, as well as that the growth occurred along [START_REF] Diarra | Ionization energy of donor and acceptor impurities in semiconductor nanowires: Importance of dielectric confinement[END_REF] direction. SiNWs with diameters up to 400 nm and lengths more than 7.5 µm were characterized by four-point resistivity measurements. Resistivity, corrected for surface charge, was determined to be 0.010 ± 0.002 Ω*cm along the entire length of SiNWs, which confirmed the uniform p-type doping of SiNWs using TMB and SiCl 4 as precursors [START_REF] Kendrick | Uniform p-type doping of silicon nanowires synthesized via vapor-liquid-solid growth with silicon tetrachloride[END_REF].

Etching of highly-doped c-Si wafers

The simplest way to achieve the high doping of SiNWs, fabricated by MACE, is to use the highly-doped c-Si substrates. However, fabricated of SiNWs on c-Si wafers with the doping level more than 10 18 cm -3 results in formation of porous SiNWs (see Fig. 1.8 and Ref. [START_REF] Hochbaum | Single crystalline mesoporous silicon nanowires[END_REF]).

This fact is explained by the higher hole concentration at Ag/Si interface for highly-doped c-Si wafers, which leads to the strong etching of Si close to metal-covered areas. Thus, this effect can hardly be reduced by varying the etching solution for MACE procedure.

The doping level of SiNWs, fabricated by RIE, is determined by the wafer used, and bulk core SiNWs are obtained both on low-and highly-doped c-Si substrates [START_REF] Yu | Design and fabrication of silicon nanowires towards efficient solar cells[END_REF]. At that, it was reported that highly-doped n-type Si etches faster than undoped silicon, and highly-doped p-type Si etches slower than undoped silicon [START_REF] Lee | Silicon doping effects in reactive plasma etching[END_REF]. It was explained by the fact that the Coulomb attraction between uncompensated donors (As + ) and chemisorbed halogens (F) enhances etch rates in a highly-doped n-type Si, whereas the Coulomb repulsion between uncompensated acceptors (B) and chemisorbed halogens (F) inhibits etch rates in a highly-doped p-type Si [START_REF] Lee | Silicon doping effects in reactive plasma etching[END_REF].

Ex-situ doping of silicon nanowires a) Ion implantation

The most common approach for ex-situ doping consists in the dopant incorporation into SiNWs by means of ion implantation. Phosphorus or boron ions are implanted at energies ∼ 10 keV with doses ranging from 10 11 cm -2 to 10 16 cm -2 [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF][START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF][START_REF] Plummer | Material and process limits in silicon vlsi technology[END_REF][START_REF] Clement | Electronic transport properties of single-crystal silicon nanowires fabricated using an atomic force microscope[END_REF]. Implantation is commonly followed by thermal annealing at high temperature about 1000 0 C in order to reduce the implantation defects and activate the dopants, i.e. restore the original crystalline structure [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF][START_REF] Nolan | Boron diffusion from a spin-on source during rapid thermal processing[END_REF][START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF][START_REF] Plummer | Material and process limits in silicon vlsi technology[END_REF][START_REF] Clement | Electronic transport properties of single-crystal silicon nanowires fabricated using an atomic force microscope[END_REF]. B + /cm 2 , the crystalline core of SiNWs became amorphous, while the thermal annealing at 900 0 C restored the crystallinity of SiNWs [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF]. Accordingly to Fig. 1.16, ion implantation with 1 * 10 16 B + /cm 2 results in polycrystalline core of SiNWs, while the one with 5 * 10 15 B + /cm 2 results in single-crystalline SiNWs. Unlike in the case of B implantation, the crystalline structure of SiNWs was not fully restored after P implantation with 1 * 10 16 P + /cm 2 , and the surface roughness significantly increased. The greater damage caused by P implantation was explained by the greater mass of P than that of B [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF]. Fig. 1.16 (f) shows the B and P depth profiles for bulk Si, calculated using the simulations of transport of ions in matter (TRIM). The high doping levels > 10 19 cm -3 can be seen up to the depth of 200 nm with the maximum impurity concentration of 10 21 cm -3 . The shown TEM images correspond to the most damaged SiNWs for each implantation dose [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF]. Thus, the single-crystalline structure of SiNWs can be obtained using the high-temperature annealing after ion implantation, however the possible polycrystalline structure and increase of surface roughness after the ion implantation should be taken into account.

Raman scattering measurements were performed to investigate the amortization and recrystallization of SiNWs, as well as activation of B and P impurities in SiNWs by annealing. The results are summarized in Fig. 1.17. One can see than after the ion implantation with both B and P atoms the Raman peak at 520 cm -1 , corresponding to c-Si is significantly decreased, and a broad peak related to amorphous Si (a-Si) appears at around 470 cm -1 . The relative intensity of the a-Si Raman peak is much greater for P than for B ion implantation, which indicates that damage by P implantation is much greater than for B implantation. The intensity of c-Si Raman peak increases with increasing annealing temperature, and crystallinity of SiNWs is almost completely recovered after annealing at 900 0 C. In addition to the increase in c-Si Raman peak, the intensity of B local vibrational peak at about 618 cm -1 increases with the annealing temperature (see Fig. 1.17 (b)), showing that the B atoms are doped in Si substitutional sites in the crystalline Si core of SiNWs during the recrystallization process [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF]. The correlation between the peak intensity of the B local vibrational peak and the electrically active B concentration in B-implanted SiNWs was observed [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF]. The c-Si Raman peak shows a broadening toward higher wavenumbers for B (p-type) doping and a broadening toward lower wavenumbers for P (n-type). This broadening was explained by the Fano effect [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF], that indicated the high free charge carrier concentration in SiNWs and activation of B and P atoms. The activation efficiencies for B-implanted SiNWs were estimated to be about 10 %. The low activation ratio was explained by the compensation by residual defects, as well as by segregation of B atoms into the surface oxide layer during the activation annealing after ion implantation [START_REF] Fukata | Recrystallization and reactivation of dopant atoms in ion-implanted silicon nanowires[END_REF].

The high effectiveness of ion implantation doping procedure was experimentally shown for horizontal SiNWs on Si-on-insulator substrates with Si layer depth about 100 nm [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF][START_REF] Clement | Electronic transport properties of single-crystal silicon nanowires fabricated using an atomic force microscope[END_REF].

Applied to 50 nm wide n-and p-type SiNWs, phosphorus and boron doping concentrations of 1 * 10 20 cm -3 were achieved, as shown by secondary ion mass spectroscopy (SIMS), and the electrical resistivity of such SiNWs was of about 1 mΩ*cm, which implies the good electric transport in these SiNWs and bulk-like free charge carrier mobility [START_REF] Kim | Seebeck Coefficient Characterization of Highly Doped <I>n</I>-and <I>p</I>-Type Silicon Nanowires for Thermoelectric Device Applications Fabricated with Top-Down Approach[END_REF]. However, the ion implantation technique was shown to be inefficient for SiNWs arrays due to non-uniform doping across NW cross-section [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF].

b) Spin-on doping

An alternative experimental approach is the thermal diffusion of dopant atoms from the spin-on dopant (SOD) solutions. This technique is commonly used to create shallow p + -n junctions in Si wafers [START_REF] Slaoui | Rapid isothermal annealing of doped and undoped spin-on glass films[END_REF]. In this doping method spin-on dopant is usually deposited directly on a silicon substrate. A post-spin baking at a temperatures of about 200 0 C is applied to remove excess solvent. Then the dopant atoms are incorporated into Si by thermal diffusion at about 1000 0 C. During thermal annealing, dopant oxide evaporates from the spin-on dopant solution and is adsorbed onto Si surface. Boron diffusion is then accomplished by means of a surface oxidation-reduction reaction between the dopant oxide (B 2 O 3 ) and the silicon wafer, given by

2B 2 O 3 + 3Si → 4B + 3SiO 2 . ( 1.1) 
In this reaction doped SiO 2 is formed and becomes a dopant source for elemental boron, which diffuses into the silicon substrate [START_REF] Nolan | Boron diffusion from a spin-on source during rapid thermal processing[END_REF].

One of the main factors determining the resulting doping concentration in Si wafer is the annealing temperature. Fig. 1.18 shows the solid solubility limit for different commonly used dopants in Si. As can be seen from the figure, the solubility limit for Boron and Phosphorus increases with the annealing temperature up to 1200 0 C. At T ≈ 1000 0 C, frequently used for the annealing of Si, it is of about 4 * 10 20 cm -3 for Boron and 1 * 10 21 cm -3 for Phosphorus, which corresponds to electrical resistivities of about 0.4 and 0.13 mΩ*cm, correspondingly [START_REF] Jones | Diffusion in silicon[END_REF]. After the annealing the residual SOD film on Si wafer can be removed in HF [101]. Films, obtained prior the diffusion, can be removed in water. One should take into account that in certain cases a carbon-rich residual film, insoluble in HF, was reported to be formed on the surface of the silicon [START_REF] Zagozdzon-Wosik | Fabrication of submicron junctionsproximity rapid thermal diffusion of phosphorus, boron, and arsenic[END_REF]. Also, the excessive amounts of B 2 O 3 , formed during the thermal Figure 1.18: Solid solubility for common dopants in silicon [START_REF] Jones | Diffusion in silicon[END_REF] (summarized from [START_REF] Trumbore | Solid solubilities of impurity elements in germanium and silicon[END_REF][START_REF] Boeisenko | Steady-state solubility of substitutional impurities in silicon[END_REF]). annealing, can lead to the formation of silicides and other compounds of boron on the silicon surface [START_REF] Ghandhi | VLSI fabrication principles: silicon and gallium arsenide[END_REF]. It worth to note, that to avoid the above problems, the doping of Si wafer spatially separated (0.5 mm) from SOD layer was successfully used [START_REF] Nolan | Boron diffusion from a spin-on source during rapid thermal processing[END_REF].

SOD doping procedure was successfully applied to SiNWs. SiNWs arrays with diameter of 120-180 nm and length of 4-6 µm were synthesized by Au-catalyzed VLS growth technique. The B-containing SOD was applied onto silicon nitride substrate, which was placed at approximately 400 µm from SiNWs, and then the annealing was performed at 800 or 950 0 C to control the doping level of SiNWs, followed by the dopant drive-in at 975 0 C [START_REF] Ingole | Ex situ doping of silicon nanowires with boron[END_REF]. Fig. 1.20 shows the HRTEM images of SiNWs before and after the annealing at 950 0 C. The crystalline structure of SiNWs maintained after the doping procedure, and no significant defects were observed in either doped or as-grown SiNWs. Moreover, no B segregation or clustering in SiNWs was observed [START_REF] Ingole | Ex situ doping of silicon nanowires with boron[END_REF]. The SiNWs diameter reduced after the doping procedure, and the surface oxide layer increased, which was explained by the fact that silicon from SiNWs surface is consumed during the doping due to the reaction with B 2 O 3 (see Eq. 1.1) [START_REF] Ingole | Ex situ doping of silicon nanowires with boron[END_REF]. The high doping level in SiNWs of the order of 10 18 and 10 20 cm -3 for the annealing at 800 or 950 0 C, respectively, was shown by the four-probe electrical measurements of the electrical resistivity of SiNWs, assuming the bulk free charge carrier mobility [START_REF] Ingole | Ex situ doping of silicon nanowires with boron[END_REF]. The doping level profiles along SiNWs were not studied. SOD doping procedure was applied to SiNWs arrays, fabricated by MACE of low-doped c-Si wafers [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF]. The high Boron concentrations at SiNWs tips ∼ 10 19 ÷ 10 20 cm -3 were obtained.

The uniform cross-sectional profiles in a nanowire with diameter of about 100 nm were observed for the annealing at 950 0 C over 15 min. Variation in concentration of doping atoms along the length of the nanowires was characterized by SIMS, and the uniform doping was observed up to depth about 1 µm, limited by the nanowire length [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF].

Thermal properties of SiNWs

This section describes the effect SiNWs size on their thermal conductivity. The temperature dependencies of thermal conductivity of SiNWs are reported and compared to those for c-Si.

The influence of free charge carriers on thermal conductivity of SiNWs is described. The effect of surface roughness on thermal conductivity of SiNWs is emphasized and discussed in view of thermoelectric applications of SiNWs.

Thermal transport in bulk crystalline silicon (c-Si)

Thermal conductivity of a bulk crystal due to heat transport of phonons, considered within the Debye's model and the relaxation-time approximation, is given by the Klemens-Callaway's expression [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF] 

k l = k B h 3 k B 2π 2 υ T 3 Θ D /T 0 τ ph x 4 e x (e x -1) 2 dx, (1.2) 
where k B is the Boltzmann constant, h is the Planck constant, υ is the phonon group velocity, T is temperature, Θ D is the Debye temperature, τ ph is the combined phonon relaxation (scattering) time, and x = hω/k B T . Lattice thermal conductivity of a crystal, as follows from Eq. (1.2), depends on two parameters: phonon group velocity and phonon scattering time. For a bulk crystal considered within Debye's model the phonon group velocity does not depend on phonon frequency. The value of υ usually used for bulk Si in calculations represents the phonon group velocity for transversal acoustical phonons (6500 m/s) [START_REF] Glassbrenner | Thermal conductivity of silicon and germanium from 3K to the melting point[END_REF], which have the lowest frequency and contribute the most to phonon thermal conductivity.

Several approaches were used to describe the phonon scattering time in bulk Si [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF][START_REF] Glassbrenner | Thermal conductivity of silicon and germanium from 3K to the melting point[END_REF][START_REF] Morelli | Estimation of the isotope effect on the lattice thermal conductivity of group IV and group III-V semiconductors[END_REF].

As a first approximation, the phonon scattering rate τ -1 ph can be considered as a sum of phonon scattering rates due to different scattering processes, which are responsible for thermal resistance of a material [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF][START_REF] Glassbrenner | Thermal conductivity of silicon and germanium from 3K to the melting point[END_REF]. These processes are: three-phonon Umklapp scattering, mass-difference (impurity) scattering, phonon-electron scattering and boundary scattering. The three-phonon normal scatting, which conserves the total momentum of phonons involved, does not contribute to the thermal resistance of a material, thus the effect of normal phonon scattering is neglected in this approach. The thermal conductivity of bulk Si calculated using the above τ -1 ph has good correlation with experimental data. However, for the more rigorous description of thermal transport the effect of redistribution of phonons between the branches due to normal processes should be considered [START_REF] Morelli | Estimation of the isotope effect on the lattice thermal conductivity of group IV and group III-V semiconductors[END_REF].

Accordingly to Ref. [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF], the resistive phonon scattering rate τ -1 ph in bulk Si above room temperature can be calculated as follows. Total τ ph represents the sum of the inverse relaxation times for different scattering processes:

1 τ ph = 1 τ U + 1 τ M + 1 τ ph-e + 1 τ B , (1.3) 
where τ U,M,ph-e,B are the time of three-phonon Umklapp, mass-difference (impurity), phononelectron and boundary scattering, correspondingly. The relaxation rate for Umklapp scattering is given by

τ -1 U = B U ω 2 T (1.4)
where B U = 2γ 2 k B µV 0 ω D is considered as temperature independent constant, γ is the Gruneisen anharmonicity parameter, µ is the shear modulus, V 0 is the volume per atom, and ω D is the Debye frequency. The shear modulus µ is treated as a velocity dependent effective value calculated for a given geometry.

The relaxation rate for the mass-difference scattering is given by:

τ -1 M = B M ω 4 (1.5)
where 2 , f i is the fractional concentration of the impurity atoms of mass M i and M = ∑ i f i M i is the average atomic mass.

B M = V 0 Γ 4πυ 3 , Γ = ∑ i f i (1 -M i /M)
At low doping levels, the relaxation time for acoustic phonons scattered by electrons can be expressed as 1

τ ph-e = n e ε 2 1 ω ρυ 2 k B T πm * υ 2 2k B T exp - m * υ 2 2k B T (1.6)
where n e is the concentration of conduction electrons, ε 1 is the deformation potential, ρ is the mass density, and m * is the electron effective mass.

The boundary scattering rate is

τ -1 B = υ/D * (1 -p) (1.7)
where D is the characteristic size of a studied crystal, p is the parameter describing the amount of phonons reflected specularly at crystal boundary. If p = 1 the boundary scattering is purely specular and the boundary scattering does not contribute to the thermal resistivity, if p = 0 the boundary scattering is purely diffuse and the thermal conductivity of a crystal reduces to the well-known Casimir limit [START_REF] Casimir | Note on the conduction of heat in crystals[END_REF]. At the room temperature and higher the boundary scattering can be neglected for a bulk crystal. shows the accumulated contribution of phonons with different frequency to the total k l for bulk Si. One can see that at T = 300 K 90% of heat is transferred by phonons with frequency less than 6 * 10 12 Hz and about 100% with frequency less than 10 13 Hz. Note, that temperature variation does not significantly affect the percentage contribution of phonons with different frequency to the thermal conductivity of bulk Si, the higher contribution of phonons with lower frequency at T < 300 K can be explained by lower occupation numbers for high frequency phonons.

The contribution of phonon-electron scattering in thermal conductivity for Si with N = 10 18 cm -3 is small compared to that of Umklapp and mass-difference scattering. For higher carrier concentrations, phonon-electron scattering can become important, reaching the level of other relaxation mechanisms [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF].

Thus, to significantly reduce the thermal conductivity of Si one should increase the scattering rates of low-frequency phonons. The phonon frequency independent boundary scattering is responsible for thermal conductivity reduction in Si nanostructures, increasing as 1/D, accordingly to Eq. (1.7). The effect of nanoscale boundaries on thermal conductivity of Si is studied in detail in the next chapter.

Effect of nanoscale boundaries

Introduction of nanoscale boundaries in a crystal modifies both the phonon group velocity and the phonon scattering time. In general, the phonon group velocity υ is a function of the size of the low-dimensional structure and depends on the particular type of boundaries. In was shown that in 22 nm nanowire, in contrast to bulk Si, the average phonon group velocity depends on the phonon frequency and is lower than in bulk Si in the entire frequency range [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF]. The phonon scattering rates for Umklapp, mass-difference and phonon-electron scattering, despite they do not depend directly on the crystal size, change in a nanocrystal through their dependence on υ.

Fig. 1.21 (bottom part) shows the scattering rate for these processes in the 22 nm Si nanowire as a function of the phonon frequency. One can see, that the dependencies of these scattering rates on the phonon frequency follow the same trend as in bulk Si, although they are slightly higher in nanowires due to the lower phonon group velocity. Besides, the ratio between the scattering rates for different processes can be different in SiNWs and in bulk Si, e.g. the mass difference scattering rate in SiNW is higher than Umklapp scattering rate at high frequencies.

The effect of the phonon group velocity in SiNWs on their thermal conductivity is shown in is an order of magnitude lower than in bulk material.

The fraction of the phonons, which are scattered specularly or diffusely at the crystal boundary, is determined by the boundary surface roughness [START_REF] Chen | Thermal Conductance of Thin Silicon Nanowires[END_REF]. The surface roughness is usually characterized by a root-mean-square height (∆). If the disordered boundary is considered as two reflecting planes at the distance of ∆, the maximum path length difference between the phonons reflected from these planes is 2∆. Similarly to the reflection of electromagnetic waves, the reflection of the phonon from the disordered boundary can be considered specular if this path length difference is much shorter than the phonon wavelength, in such case the interference effects between the phonons reflected from the planes can be neglected. One can argue that the phonons for which ∆ * ω/υ ≤ 1 are scattered specularly from the boundary, and the phonons with ∆ * ω/υ > 1are scattered diffusely. It was shown that at low temperatures, the unusual linear behavior of the thermal conductivity of thin silicon nanowires (D of about 20 nm) on the temperature can be explained by the effect of specularly scattered phonon modes with low frequency. However, for thick nanowires (D of about 100 nm) it is still appropriate to ignore the specularly scattered modes since the other modes with higher frequency contribute the most to the thermal conductance [START_REF] Li | Thermal conductivity of individual silicon nanowires[END_REF][START_REF] Chen | Thermal Conductance of Thin Silicon Nanowires[END_REF].

The dependence of the thermal conductivity of SiNWs with smooth surface on their diameter at T = 300 K is shown in Fig. 1.24. The presented data show both the experimental and simulation data, where the boundary scattering is considered purely diffusive. Accordingly to Fig. 1.24 the thermal conductivity of SiNWs exhibits the square root dependence on their diameter. The presented dependence can be used to estimate the reduction of thermal conductivity in SiNWs due to the presence of nanoscale boundaries. (Ref. [START_REF] Chantrenne | An analytical model for the thermal conductivity of silicon nanostructures[END_REF]), molecular dynamic results (diamonds) of Volz and Lemonnier (Ref. [START_REF] Volz | Microscale thermophys. eng[END_REF]), kinetic theory+molecular dynamic results (stars) of Mingo (Ref. [START_REF] Mingo | Calculation of si nanowire thermal conductivity using complete phonon dispersion relations[END_REF]), and kinetic theory with modified dispersion curves (down triangles) of Zou and Balandin (Ref. [START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF]) [START_REF] Lacroix | Monte Carlo simulation of phonon confinement in silicon nanostructures: Application to the determination of the thermal conductivity of silicon nanowires[END_REF].

Dependence on temperature

Typical dependence of the thermal conductivity of bulk Si crystal on the temperature is shown in Fig. 1.25. As can be sen from the figure, the thermal conductivity of c-Si increases at low temperatures due to the increase of average number of phonons in crystal and decreases at high temperatures due to the increase of combined phonon scattering rate, the maximum of the thermal conductivity occurs around 30 K. Here the two temperature limits are of particular interest. In the low temperature limit, the boundary scattering of phonons is dominant, therefore the dependence of c-Si thermal conductivity on the temperature follows the trend of its heat capacity and is proportional to T 3 . At high temperatures the Umklapp three-phonon scattering processes are dominant, which results in the thermal conductivity proportional to T -1 , accordingly to Eq. (1.2).

In Si nanowires, the phonon boundary scattering decreases their thermal conductivity as compared to c-Si in the entire studied temperature range of T < 350 K [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF][START_REF] Li | Thermal conductivity of individual silicon nanowires[END_REF]. the diameter of SiNWs. For SiNWs with D = 115 nm the thermal conductivity k l ∼ T 3 , similar to the bulk Si. The deviation of the thermal conductivity dependence from the Debye T 3 law for thinner SiNWs with diameter of less than 37 nm can be explained by the effect of specular phonon-boundary scattering for low-frequency modes [START_REF] Chen | Thermal Conductance of Thin Silicon Nanowires[END_REF]. This effect results in k l ∼ T for SiNWs with D = 22 nm. The effect of the doping on the thermal conductivity was thoroughly studied for Si thin films with different thickness [START_REF] Mcconnell | Thermal conduction in silicon micro-and nanostructures[END_REF]. It was shown, that similarly to c-Si, the thermal conductivity of 3
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µm Si films with N below 10 18 cm -3 shows no dependence on the concentration and type of dopants at T = 300 K. The thermal conductivity of Si films with thickness of 174 and 75 nm and N ∼ 10 19 cm -3 at T = 300 K reduces in comparison with the undoped ones, and the decrease is stronger for films with lower thickness. The experimental data suggest that the boundary scattering in these thin films outweighs some effects of impurity and phonon-electron scattering, so that a doping level, which leas to a decrease in the thermal conductivity for c-Si, may not affect the film [START_REF] Mcconnell | Thermal conduction in silicon micro-and nanostructures[END_REF]. It was shown that the boron doping decreases the thermal conductivity stronger then the arsenic doping for all investigated Si film thicknesses, that can not be explained by the different impurity scattering times for different dopant atoms, since the impurity scattering rate for arsenic is 2.5 times stronger than for boron (see Eq. (1.5)) [START_REF] Mcconnell | Thermal conduction in silicon micro-and nanostructures[END_REF]. This fact implies that the phonon-electron scattering can significantly affect the thermal conductivity of Si thin films, along with the phonon-boundary and phonon-impurity scattering. wafer have a slightly lower k than the undoped SiNWs of the same diameter, etched from the 10 Ω*cm wafer. This small decrease in k was attributed to the higher rates of phonon-impurity scattering in highly-doped SiNWs, as well as to possibly higher surface roughness [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF]. SiNWs etched from a 10 -2 Ω*cm wafer have a much lower k than the other nanowires, which can be explained by higher porosity of these SiNWs. 

Role of surface roughness

As it was stated in Sec. 1.3.2, a decrease in SiNWs diameter below 500 nm leads to a drastic reduction of their thermal conductivity. Fig. 1.24 shows, that the thermal conductivity of SiNWs, grown by VLS, is close to the Casimir limit, which corresponds to the purely diffuse scattering of phonons at nanowire's boundaries. The VLS-SiNWs possess the smooth surface (∆ of about 1-3 Å) and the Casimir limit seems to represent the lowest thermal conductivity of such Si nanocrystals. At the same time, MACE-SiNWs with diameter of 500-100 nm show the thermal conductivity as low as 1-9 W/(m K) at the room temperature (see Fig. 1.28), far below the Casimir limit. The decrease of the thermal conductivity for MACE-SiNWs below the Casimir limit is usually ascribed to the effect of the surface roughness [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF][START_REF] Martin | Impact of phonon-surface roughness scattering on thermal conductivity of thin Si nanowires[END_REF][START_REF] Sadhu | Room-temperature phonon boundary scattering below the Casimir limit[END_REF]. The surface of MACE-SiNWs is known to be much more rough (root-mean-square roughness height ∆ of about 3 nm) than the surface of VLS-SiNWs, the structure of MACE-SiNWs can be considered to represent a crystalline core with a porous shell. It was established that such morphology is responsible for the small values of the thermal conductivity of MACE-SiNWs close to the amorphous limit for Si of about 1 W/(m K). In a nanowire the effect of the surface roughness on the thermal transport can be treated as the variations of the confinement width for the phonons perpendicular to their propagation direction [START_REF] Martin | Impact of phonon-surface roughness scattering on thermal conductivity of thin Si nanowires[END_REF]. An additional frequency-dependent phonon scattering rate due to surface roughness scattering was computed from the perturbation theory and related to a description of the surface through the root-mean-square roughness height ∆ and autocovariance length. The phonon scattering rates related to the surface roughness scattering, calculated for different ∆ and autocorrelation length of 6 nm, increase with higher roughness rms values as ∆ The strong effect of surface roughness on the thermal conductivity of SiNWs is crucial for their thermoelectric applications since in reduces the thermal conductivity coefficient of SiNWs close to the amorphous Si limit, while the surface-related effects can not significantly affect the electrical transport in SiNWs, which makes SiNWs with rough surface the perfect candidate for thermoelectrics accordingly to the concept "phonon-glass electron-crystal".

Electrical properties of SiNWs

This section describes the effect of nanowire size on electrical conductivity of SiNWs. The effect of SiNWs surface on both the free charge carrier concentration and mobility is described. The temperature dependencies of electrical conductivity for bulk c-Si and SiNWs are compared. The experimental data on electrical conductivity of SiNWs are reported.

Electrical transport in c-Si

The electrical properties of bulk c-Si at room temperature are determined by the concentration of dopant atoms. The electrical conductivity of bulk Si (which represents the inverse of electrical resistivity) is determined by the free carrier concentration and mobility, accordingly to the formula

σ = eµN (1.8)
where σ is the electrical conductivity, e is the electron charge, µ is the electron (hole) mobility, N is the free charge carrier concentration. For c-Si at T = 300 K, the free charge carrier density is usually assumed to be equal to the total concentration of acceptor/donor dopant atoms [START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF]. Fig.

1

.30 shows the correlation between the free charge carrier concentration and resistivity for n-and p-type doped c-Si. As can be seen from the figure, the resistivity of intrinsic c-Si can be reduced by several orders of magnitude with an increase in the free charge carrier concentration. Despite the carrier mobility reduces with the dopant concentration due to the scattering of charge carriers on ionized dopant atoms [START_REF] Thurber | The relationship between resistivity and dopant density for phosphorusand boron-doped silicon[END_REF], the increase in the carrier concentration leads to the decrease of resistivity. The resistivity of n-type c-Si is lower than of p-type Si with the same carrier concentration, which is explained by the lower mobility of holes than of electrons [START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF]. Ref.

[32], adapted from [START_REF] Thurber | The relationship between resistivity and dopant density for phosphorusand boron-doped silicon[END_REF]. and holes, correspondingly, are related to the difference in their effective masses. At lower temperatures, the scattering by both ionized and neutral impurity centers has a significant impact on the charge carrier mobility in c-Si, and the mobility is higher for the more pure samples. The contribution of the impurity scattering increases rapidly with decrease in temperature, and the temperature dependence of mobility passes through a maximum, which depends on impurity concentration.

For the low-doped samples, the formulas µ e = k 1 T -2.6 and µ h = k 2 T -2.3 (Ref. [START_REF] Morin | Electrical properties of silicon containing arsenic and boron[END_REF]) can be used to calculate the temperature-dependent carrier mobility. The calculated resistivity in the assumption of constant free carrier concentration is shown by the dash-dotted line in Fig. 1.31.

The good agreement with experimental data is observed only up to 420 K for the p-doped sample and 550 K for the n-doped sample, for higher temperatures the transition from the impurity to intrinsic conduction takes place. For the intrinsic range at high temperatures, the electrical conductivity results from the electrons thermally excited from the valence band to the conduction band, and both the temperature dependencies of concentration and mobility of free carriers should be considered to describe the electrical resistivity. 

Free charge carrier concentration

The electrical properties of Si nanowires, in contrast to bulk Si, are not determined solely by the dopant concentration. Accordingly to Eq. (1.8), the difference in the electrical conductivity between SiNWs and c-Si is related to difference in N and µ.

Firstly, unlike in c-Si, the free carrier concentration in SiNWs (N) can differ from the dopant concentration (N D ) at room temperature. When N = N D is considered for c-Si, the concentration of ionized donors N + D is automatically assumed to be equal to N D , as well as N is assumed to be equal to N + D . Both the assumptions can be not applicable for SiNWs at room temperature. The ionization efficiency of dopant atoms at a given temperature is determined by the impurity ionization potential. The electrostatic potential of the ionized impurity atom in bulk Si is shielded by the charge carriers in Si, which lowers the impurity ionization energy. When the volume of Si surrounding the dopant atom is reduced, the shielding of the electrostatic potential is also reduced, which in turn causes an increase of the ionization energy. For the same reason one should take into account the influence of the medium surrounding the nanowire. The difference between the dopant ionization energy in SiNWs and c-Si was found to be inversely proportional to the nanowire diameter and to depend on dielectric constants of nanowire and surrounding medium [START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF][START_REF] Diarra | Ionization energy of donor and acceptor impurities in semiconductor nanowires: Importance of dielectric confinement[END_REF]. This effect was shown to play an important role for thin SiNWs with diameter less than 30 nm [START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF].

Next, the Si surface can influence the free charge carrier concentration in SiNWs due to the surface states, which cause a depletion of Si in the vicinity of the surface by trapping charge carriers. The interface trap states, which can roughly be considered as Si dangling bonds, can either trap or release single electrons, depending on the position of the Fermi level. When the surface state traps or releases an electron in becomes negatively (positively) charged, the required electrons being taken from underlying Si. The Si surface to acquires a net charge, that causes a band bending and depletion of the Si in the vicinity of the surface, which lowers the average free carrier concentration in SiNWs. eV -1 cm -2 . Dopant is P with a bulk ionization energy of 45 meV; T = 300 K. Adapted from [START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF].

are fully depleted in the whole dopant density range. At these small diameters, a proper surface passivation is essential. The effect of impurity ionization energy increase is also responsible for such low values of N/N D (< 10 -4 ) for SiNWs with D =14 and 10 nm. In general, the decrease of N/N D with NW diameter is observed in the whole dopant density range. Thus, to obtain the high free carrier concentration in SiNWs, the thick SiNWs are more preferable, as well as the high dopant concentration levels are required to avoid the effect of depletion of SiNWs. Note, the free charge carrier concentration in SiNWs was not studied experimentally, however the profiles of the dopant atom concentration in SiNWs arrays were investigated using SIMS technique [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF].

Free charge carrier mobility

Secondly, the carrier mobility in SiNWs differs from c-Si change due to the different scattering time of charge carriers. One would expect a reduction of the charge carrier mobility in SiNWs compared to c-Si because of increased surface scattering of charge carriers, resulting from a high surface-to-volume ratio of SiNWs. The above assumption was confirmed by simulations, which showed that surface scattering determines the electron mobility for nanowires with diameter less than 5 nm [START_REF] Ramayya | Electron transport in silicon nanowires: The role of acoustic phonon confinement and surface roughness scattering[END_REF]. In SiNWs with small diameters (D < 5-10 nm) spatial confinement affects both the charge carriers and phonons. In general case, both the electron and acoustic phonon confinement in SiNWs should be taken into account. It was shown that for SiNWs, surrounded by SiO 2 , which is an acoustically softer material, the decrease in acoustic phonon group velocity leads to the enhanced electron-acoustic phonon scattering rates, compared to c-Si [START_REF] Ramayya | Electron transport in silicon nanowires: The role of acoustic phonon confinement and surface roughness scattering[END_REF]. For 8 nm SiNWs, the electron mobility, calculated accounting the modification of the acoustic phonon spectrum due to confinement, is about 10% lower than the mobility calculated with bulk acoustic phonons. This result clearly emphasizes the need to account for the acoustic phonon confinement when calculating the electrical properties of SiNWs. total scattering rate, including all the above scattering processes. The low-field electron mobility for each electron subband was obtained from the Kubo-Greenwood formula, modified for 1D transport, the effective electron mobility was calculated as the average of the electron mobility in every subband [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF]. The electron momentum relaxation time was calculated accordingly to Matthiessen's rule using the scarring times for surface roughness scattering, Coulomb scattering by ionized impurities in the silicon body or fixed charges at the interface and in the surrounding insulator, intravalley and intervalley phonon scatterings. The calculations were performed for lightly p-type doped SiNWs with N = 10 16 cm -3 with the rough surface with rms of ∆ = 0.48 nm, covered by a silicon oxide layer with the thickness of 1 nm, the density of fixed interface charges was assumed of 10 11 cm -2 . Since the doping level of SiNWs is low, for the calculation of the Coulomb scattering rate only the surface charge carriers were taken into account. The other calculation details can be found in Ref. [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF]. for SiNWs with diameter less than 10 nm. At E e f f = 0.05 MV/cm, for SiNWs with D from 10 to 14 nm, the values for phonon scattering-limited and total electron mobility in SiNWs almost coincide and do not depend on nanowire diameter. For SiNWs with D = 14 nm, the value of electron mobility of about 800 cm 2 V -1 s -1 correlates well with the bulk c-Si value for the same hole concentration of 430 cm 2 V -1 s -1 , the higher values for SiNWs can be attributed for not taking into account the bulk impurity scattering. It is important to note that the Coulomb and surface roughness scattering rates decrease with increasing a dielectric constant of the insulator surrounding SiNWs [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF].

Accordingly to

The effect of SiNWs coating on the electron mobility was studied in Ref. [START_REF] Fonoberov | Giant enhancement of the carrier mobility in silicon nanowires with diamond coating[END_REF]. The theoretical electron mobility was calculated in the relaxation time approximation, using the electron-phonon and electron-impurity scattering times for confined acoustical phonons and confined electrons, in which the influence of surface was taken into account using the appropriate boundary conditions [START_REF] Fonoberov | Giant enhancement of the carrier mobility in silicon nanowires with diamond coating[END_REF]. Fig. 1.34 (a) shows the calculated electron mobility for SiNWs with impurity concentration of 5 * 10 19 cm -3 and diameter of 4 nm using the confined acoustic phonon and electron spectra.

The mobility values for SiNWs, coated with diamond, are between the limits corresponding to the free-standing and clamped (with fixed surface atoms) SiNWs for all considered temperatures.

In the case of bulk-like acoustical phonons, the electron mobility also lies between the same limits. As the thickness of diamond barrier shell increases, the mobility approaches the limit of the clamped NW. The strong mobility enhancement in diamond-coated SiNWs in comparison with the free-standing SiNWs was explained by the decrease in the confined electron-confined phonon scattering rates in diamond-coated SiNWs [START_REF] Fonoberov | Giant enhancement of the carrier mobility in silicon nanowires with diamond coating[END_REF]. To understand the physics underlying this phenomenon, one should consider that, accordingly to the phonon dispersion curves, the number of phonons participating in the scattering for clamped SiNWs is less and the amplitude of the scattering is lower than that for the free-standing NW. (T -3/2 ) in bulk c-Si to the T 1/2 (T -1/2 ) dependence in SiNWs was explained by the change in the electron density of states [START_REF] Fonoberov | Giant enhancement of the carrier mobility in silicon nanowires with diamond coating[END_REF]. It is interesting to note that the electron-phonon scattering rate in the free-standing SiNWs is very strong, and it limits the electron mobility even at low temperatures. On the other hand, the electron-phonon scattering in diamond-coated SiNWs is weak, and the electron mobility becomes comparable with the mobility of bulk c-Si. Fig. 1.34 (b) shows that at room temperature, even 0.5-nm-thick diamond coating results in the electron mobility higher than that in the case of bulk-like phonons. If the barrier shell (coating) material is softer than Si, e.g. SiO 2 , the electron mobility is always lower than in the case of bulk-like phonons. The electron mobility enhancement due to diamond coating is about a factor of 2 at room temperature.

The main mechanism that limits the low-field carrier mobility in SiNWs near room temperature is the charge carrier scattering on lattice vibrations, i.e., acoustic phonons. For SiNWs with diameter ∼ 10 nm and T ∼ 100 K, phonon confinement effects can be safely neglected, Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon and for the calculations of the carrier scattering rate one can assume "bulk-like" phonons. The term bulk-like phonon implies that NW is embedded in a hypothetical medium, impenetrable for the charge carriers, with the elastic parameters equal to those of NW. However, if one considers NWs with diameter ∼ 1 nm, the phonon confinement effects are strong and have to be taken into account. and after (red lines) thermal annealing, the insets show the magnification view of the I-V curves for SiNWs before annealing; (B) (i) electrical conductance and (iii) electrical conductivity of silicon nanowires before and after the thermal annealing as a function of their width, (ii) ratio between the electrical conductances of SiNWs before and after the thermal annealing as a function of their width [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF].

Electrical resistivity

annealing at 984 0 C for 20 s in an argon environment [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF]. As follows from the I-V curves, SiNWs behave like common ohmic resistors with a linear I-V relation after the thermal annealing, while a non-liner I-V curve is observed for 80 nm SiNWs before annealing. Fig. 1.35 (B-iii) shows the effect of the thermal annealing on the electrical conductivity of SiNWs, where the increase in the electrical conductivity of SiNWs after thermal annealing can be observed, stronger for SiNWs with lower diameter. Both the change in I-V curve behaviour and the increase in electrical conductivity of SiNWs after annealing are explained by the improvement of the Al-Si electrical contacts, but mainly by increase in the conduction of SiNWs itself [START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF]. The contact resistance at each Al-Si contact area was 2.64 kΩ before thermal annealing and 0.58 kΩ after annealing, both of which are much smaller than the total resistance of SiNWs after annealing, equal to 2.56 MΩ, 0.80 MΩ and 0.35 MΩ for nanowires with width of 80 nm, 130 nm and 300 nm, respectively. The enhancement of the electrical conductivity of SiNWs after the annealing was explained by the evaporation of the organic contaminants around the SiNWs, as well as by the reduction of the interface trapped charges or the oxide trapped charges, developed during the plasma etching, during the thermal annealing process.

Concerning the dependence of SiNWs electrical conductivity on their width, it was observed that σ for SiNWs with width of 80 nm is about 2 times smaller than that for 130 and 300 nm SiNWs. This difference is related to larger surface effects for smaller nanowires, i.e. surface damage, defects and trapped charges, which can be developed during the plasma etching process. Also, the ratio of line edge roughness to linewidth becomes larger for smaller nanowires. Therefore, electrical conductivity could be reduced by larger surface scattering of mobile charge carriers. The discrepancy between different sizes is reduced after the thermal annealing process, as shown in Fig. 1.35 (B-iii). ized with respect to the value for bulk silicon with the same doping concentration. The theoretical calucations were based on the Boltzmann transport equation, solved within the framework relaxation time approximation in assumption of parabolic law of electron dispersion. The calculation has been performed for nanowires with isosceles triangular cross section. The electron scattering processes in nanowires were considered independent, and the Matthiessen's rule was applied for the bulk scattering processes (i.e. impurity scattering, phonon scattering, and electron-electron scattering) and surface scattering processes, considering a completely diffusive scattering of electrons on the nanowire surfaces [START_REF] Pennelli | Optimization of the thermoelectric properties of nanostructured silicon[END_REF]. As one can see from the figure, the deviation of SiNWs electrical conductivity from its bulk value is significant (< 20 %) only for SiNWs with diameter less than 30 nm. The effect of SiNWs diameter is especially low for high doping concentrations, for which the electron mobility is limited by the impurity scattering, and the electron mean free path is small with respect to the nanowire diameter. Thus, the electron transport in SiNWs can be considered the same as in bulk c-Si for SiNWs with a diameter more than 50 nm and doping concentration more than 10 18 cm -3 . by means of the vapour-liquid-solid mechanism, silane (SiH 4 ) was used as the precursor gas and phosphine (PH 3 ), 0.3% in He, as the n-type doping source [START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF]. The electrical resisitivity of SiNWs increases with a decrease in nanowire diameter for all donor concentrations, which was explained by the deactivation of doping atoms caused by an increase in ionization energy of phosphorous donors due to a dielectric mismatch between the wire interior and the surrounding air [START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF]. Surface depletion of charge carriers due to interface states, trapped charges, and/or to a size-dependent incorporation of dopants during growth was shown to have only slight effect on SiNWs resistivity. Other factors, such as quantum confinement, surface segregation of dopants and size-dependent mobility were neglected because they are expected to take place for SiNWs diameter below 10 nm [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF][START_REF] Niquet | Electronic structure of semiconductor nanowires[END_REF]. The dependence of SiNWs resistivity, normalized to the resistivity of nanowire with the largest diameter, on the diameter was shown to be independent of SiNWs doping. For all SiNWs doping levels, it was well fitted using the formula ρ = 1/eNµ, where the electron concentration N was calculated taking into account the change in the impurity ionization energy with diameter and the electron mobility µ was considered diameter-independent. The good agreement between theory and experiment allows us to conclude that the electron mobility in SiNWs is independent of diameter for the studied size range [START_REF] Björk | Donor deactivation in silicon nanostructures[END_REF]. The values of electrical resistivity of SiNWs with the largest diameter (more than about 60-80 nm) are in a good agreement with the values for bulk Si with the same dopant concentration. 0.8 mΩ*cm can be reached, depending on dopant precursor concentration, that allows to control SiNWs doping during the growth.

Thermoelectric performance of SiNWs

Thermoelectric (TE) generators are mainly used to generate electrical power in severe conditions, e.g. in space, due to their extreme reliability. Low efficiency and relatively high cost of current TE materials does not allow the widespread use of TE generators. This section describes the thermoelectric efficiency of solid thermoelectric materials and the "phonon-glass electroncrystal" strategy for its enhancement. The experimental data on the Seebeck coefficient and ZT for bulk c-Si and SiNWs are presented, and the potential of SiNWs as the thermoelectric materials is estimated.

a) Theory of thermoelectric materials

Thermoelectric generators convert thermal energy to electrical energy using the Seebeck effect, which consists in the appearance of the potential difference on a semiconductor when creating the temperature gradient along it, that is explained by the diffusion of charge carriers along the temperature gradient [START_REF] Hofmann | Doping and processing of organic semiconductors for plastic thermoelectrics[END_REF]. The capability of TE material to efficiently produce thermoelectric power is described by its TE figure of merit (Eq. ( 1)). The figure of merit of a TE material is related to the efficiency of TE generator. The optimal TE material should have thermal properties like that of a glass, and electrical properties like that of a single-crystal, which represents the concept of "phonon-glass electron-crystal" material [START_REF] Slack | CRC handbook of thermoelectrics[END_REF]. Such a material possesses a low thermal conductivity and a good electrical conductivity, which enhances its TE performance, accordingly to Eq. ( 1).

In a bulk semiconductor the values of the Seebeck coefficient and the electrical conductivity are related to one another, since they are both functions of the free charge carrier concentration [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]. As shown in Fig. 1.40, the Seebeck coefficient of a material decreases with free charge carrier concentration, while the electrical conductivity increases. Also, the electron thermal conductivity increases with the free charge carrier concentration. Considering the above dependencies, the dependence of ZT on N has a maximum, and one can see that optimal thermoelectric materials are extrinsic semiconductors with free charge carrier concentration ∼ 10 20 cm -3 [START_REF] Gadea | Silicon-based nanostructures for integrated thermoelectric generators[END_REF].

Let us consider the thermoelectric figure of merit of a semiconductor in more detail. The total thermal conductivity of a semiconductor is a combination of of the lattice (phonon) thermal conductivity k lat and the electronic thermal conductivity k el : k = k lat + k el . For the most heavily doped bulk semiconductors (N ∼ 10 21 cm -3 ), the total thermal conductivity is dominated by the lattice thermal conductivity contribution, while the latter is influenced by the phonon-impurity scattering (see Sec. 1.3). The electronic thermal conductivity can be determined according to the Wiedemann-Franz law [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]:

k el = L 0 T ρ , (1.9) 
where

L 0 = (π 2 /3) • (k B /e) 2 = 2.44 * 10 -8 WΩK -2 is the Lorentz number.
The Seebeck coefficient and electrical conductivity strongly depend on the Fermi level in semiconductor, which in turn depends on the carrier concentration, carrier effective mass, and temperature [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]. Therefore, it is convenient to express the Seebeck coefficient and electrical conductivity in terms of the Fermi energy. Since the thermal conductivity of a semiconductor is weakly dependent on the free charge carrier concentration (see Sec. 1.3), an increase in the figure of merit with N is mainly due to the increase in the power factor S 2 ρ.

In the case of a single parabolic electron band, assuming that the charge carriers obey classical statistics, the Seebeck coefficient can be expressed as [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]:

S = ± k B e (5/2 + s -η * ), (1.10) 
where the "+" or "-" sign is for the valence or conduction band, correspondingly (p-or n-type semiconductor), s is the scattering parameter and

η * = η/k B T = (F -E c )/k B T is the reduced Fermi level.
The electrical resistivity, given by Eq. (1.8) includes the free charge carrier concentration, which is related to the reduced Fermi energy as [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]:

N = 4π 2m * k B T h 2 3/2 exp(η * ), (1.11) 
where m * is the free charge carrier effective mass, h is the Planck's constant.

The use of classical statistics in describing the behavior of the carriers is justified only in the limit of low carrier concentration. Because the thermoelectric material has to be doped heavily, Fermi-Dirac statistics should be employed. The Seebeck coefficient and free charge carrier concentration in this case can be expressed as [START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF]:

S = ± k B e (2 + s)F 1+s (η * ) (1 + s)F s (η * ) -η * , (1.12 
)

N = 4π 2m * k B T h 2 3/2 F 1/2 (η * ), (1.13) 
where F n is the Fermi integral of the order of x: Finally, Table 1.2 shows the typical values of thermoelectric parameters for metals, semicon-ductors and insulators. 

F n = ∞ 0 x n 1 + exp(x -η * ) dx. ( 1 
S ∼ π 2 k B eη * ∼ 5 µV/K ± k B e (2 + η * ) ∼ 200 µV/K ± k B e (2 + η * ) ∼ 1 mV/K σ = eNµ 10 6 Ω -1 cm -1 ∼ 10 3 Ω -1 cm -1 ∼ 10 -12 Ω -1 cm -1 k = k el + k lat ∼ k el ∼ k lat ∼ k lat k el = L 0 σ T ∼ 700 W/(m*K) ∼ 0.7 W/(m*K) ∼ 10 -15 W/(m*K) ZT ∼ 10 -3 ∼ 0.6 ∼ 10 -14
b) Thermoelectric properties of c-Si higher values of ZT, the optimal doping concentration for c-Si is higher than the studied ones, and it is expected to be of the order of 10 20 cm -3 [START_REF] Gadea | Silicon-based nanostructures for integrated thermoelectric generators[END_REF]. Low-doped c-Si samples (N ∼ 10 14 cm -3 ) exhibit ZT of the order of 10 -6 , almost independent of temperature. Highly-doped c-Si samples (N ∼ 10 19 cm -3 ) exhibit ZT of 0.01-0.02 at room temperature. Considering the 2 order of magnitude drop of thermal conductivity for SiNWs [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF] and bulk-like electrical properties, one can expect ZT = 1-2 at T = 300 K for highly-doped SiNWs, which is close or even higher than that for commonly used bismuth chalcogenides (ZT = 0.8-1.0) [START_REF] Dmitriev | Current trends in the physics of thermoelectric materials[END_REF]. SiNWs is of 1.6 ± 0.13 W/(m*K) [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF]. The electronic thermal conductivity of such SiNWs, calculated using the Wiedemann-Franz law (Eq. (1.9)), is 0.4 W/(m*K), so that the lattice thermal conductivity is 1.2 W/(m*K). Note, that doped SiNWs has a slightly lower thermal conductivity coefficient than undoped ones, which was attributed to the higher rates of phononimpurity scattering [START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF]. Thermoelectric figure of merit of such SiNWs is of about 0.7, which is essential for thermoelectric applications of SiNWs. It is possible that the values of ZT in SiNWs can be increased by increasing the doping level of SiNWs (see Fig. 1.42). Also, for practical applications, the fabrication techniques to produce the SiNWs arrays with high average ZT are required.

c) Thermoelectric properties of SiNWs

Thermal and electrical properties of hexagonal diamond silicon

This section presents the available data on thermal and electrical properties of bulk hex-Si and hex-SiNWs. The reported data for hex-Si are comapred to those for cub-Si, and the potantial of hex-Si phase is estimated. However, the properties of hex-Si are poorly investigated due to the difficult fabrication of hex-Si phase (see Sec. 1.1).

Fig. 1.45 shows the calculated thermal conductivity of cub-Si and hex-Si crystalline phases of Si for bulk materials and SiNWs. For the calculations, the density-functional theory was used to determine the second and third order interatomic force constants, and full linearized Boltzmann transport equation within the relaxation time approximation was used to calculate the thermal conductivity coefficient. One can see that the thermal conductivity of hex-Si is about 2 times lower than that of cub-Si both in bulk and SiNWs. The ratio of the thermal conductivity between hex-Si and cub-Si is slightly dependent on NW diameter and temperature.

This strong suppression of thermal conductivity in hex-Si is at first sight surprising, since the only difference between cub-Si and hex-Si is the atom stacking along the [START_REF] Diarra | Ionization energy of donor and acceptor impurities in semiconductor nanowires: Importance of dielectric confinement[END_REF] crystal axis [START_REF] Raya-Moreno | Thermal conductivity of hexagonal si and hexagonal si nanowires from first-principles[END_REF]. It was suggested that the lower thermal conductivity of hex-Si phase compared to cub-Si phase is a general feature of cubic vs hexagonal polytypes, which can be attributed to the strong acoustic-acoustic-optical three-phonon scattering involving 8 -11 THz optical phonons, which are not present in cub-Si.

Considering the electrical properties of hex-Si phase of Si, from the first-principle calculations performed in the density-function theory framework, it was shown that the effective electron mass in hex-Si is about 5 times smaller than in cub-Si ans can be further reduced under uniaxial compression. The small effective electron mass in hex-Si would lead to higher electron mobility, compared to cub-Si phase, and consequently to higher electrical conductivity.

Thus, the theoretical study shows that hex-Si phase can have better thermoelectric properties than cub-Si phase, therefore the creation of hex-Si phase in SiNWs is interesting for thermoelectric applications of SiNWs. Thus, highly-doped non-porous SiNWs with rough surface, which are preferable for thermoelectricity, can not be formed by MACE of highly-doped c-Si. To overcome this limitation, the low-doped SiNWs can be formed and then additionally doped using ex-situ doping techniques.

b) Post-fabrication doping of SiNWs using spin-on dopants

The prospective method for the post-fabrication doping of SiNWs arrays is the thermal diffusion of dopant atoms from spin-on dopant solutions. This method was applied to MACE-and VLS-SiNWs arrays, and the boron concentrations in SiNWs up to ∼ 10 19 ÷ 10 20 cm -3 were achieved.

The control of the doping level of SiNWs was performed by varying the annealing temperature from 800 to 1000 0 C, which allowed to obtain the boron concentrations in SiNWs in the range from 10 18 to 10 20 cm -3 . The uniform in-depth doping profiles were observed for SiNWs arrays up to the depths of about 1 µm, limited by the nanowire length.

It was shown that SOD doping procedure does not affect the crystallinity of SiNWs. The diameter of SiNWs was slightly reduced due to the formation of silicon oxide on the surface during the doping procedure. The maximum free charge carrier concentration in SiNWs is limited by the dopant solid solubility limit at the annealing temperature used. Boron and phosphorus solid solubility limit for the typical annealing temperature of 1000 0 C is of about 4 * 10 20 and 1 * 10 21 cm -3 , correspondingly.

Despite the fact that SOD doping procedure was successfully applied for SiNWs arrays, the influence of the SiNWs morphology and annealing parameters on the doping level of SiNWs, as well as its homogeneity along SiNWs with length ∼10 µm was not investigated.

c) Fabrication of highly-doped SiNWs arrays by other techniques

Other common techniques for the fabrication of the arrays of highly-doped SiNWs are the VLS growth and RIE. In the VLS method, highly-doped SiNWs are obtained using the dopantcontaining gas in the synthesis, so that dopant atoms are incorporated into SiNWs during the growth. In the RIE method, highly-doped SiNWs are obtained by RIE of highly-doped c-Si wafers. Arrays of single crystalline SiNWs with controlled diameter and length can be obtained by both VLS synthesis and RIE. VLS-and RIE-SiNWs have smooth surface, which is not preferable for thermoelectric applications due to higher thermal conductivity than in the case of SiNWs with rough surface. Both VLS and RIE techniques have a high cost, compared to MACE.

Another common ex-situ doping technique, which was applied to SiNWs, is the ion implantation. Ion implantation initially leads to the amorphization of SiNWs, and the crystalline structure of SiNWs was recovered using the high-temperature annealing at about 1000 0 C. Despite the fact, that single-crystalline SiNWs with high concentration of 10 20 cm -3 were obtained using the ion implantation doping method, the ion implantation at such a high doses can lead to the formation of polycrystalline SiNWs, that should be taken into account. Also, the ion implantation method was reported to be inefficient for SiNWs arrays due to inhomogeneous doping. The ion implantation technique has a high cost, compared to the SOD doping technique.

d) Hexagonal diamond SiNWs

One of the possible ways to increase the thermoelectric characteristics of SiNWs is to use Si polymorphs. Among them, the most promising is hexagonal diamond silicon. Theoretical 

f) Electrical properties of silicon nanowires

Highly-doped SiNWs (N > 10 19 cm -3 ) with diameter of more than 50 nm exhibit the electrical conductivity close to that for c-Si with the same dopant concentration, that implies that free charge carrier transport in such SiNWs can be considered the same as in c-Si. For moderatelydoped SiNWs (N ∼ 10 18 cm -3 ), the effect of nanowire diameter on the electrical conductivity is sufficient for SiNWs diameter less than about 70 nm. This fact was explained by the effect of the interface states and trapped charges, which cause a depletion zone at the nanowire surface. The thickness of the depletion zone decreases with the doping level in a nanowire.

The electrical conductivity of SiNWs with diameter less than 50 nm was observed to decrease with a decrease in nanowire diameter, which was explained by an increase in the impurity ionization energy in SiNWs due to dielectric mismatch, that reduces the free charge carrier concentration in SiNWs. At that, the effect of surface scattering on the charge carrier mobility was observed for SiNWs diameter less than 20 nm. The nanowire size has a stronger effect on the thermal conductivity of SiNWs than on electrical conductivity due to a shorter mean free path of electrons than that of phonons.

The low electrical receptivity of about 1-2 mΩ*cm were achieved for both VLS-and MACE-SiNWs. As in the case of thermal properties, the electrical resistivity was studied mainly for individual SiNWs, while SiNWs arrays are insufficiently investigated.

g) Thermoelectric performance of SiNWs

Highly n-type doped c-Si with N = 1.4 * 10 19 cm -3 and p-type doped c-Si with N = 8.1 * 10 19 cm -3 have ZT of about 0.01 and 0.02 at room temperature, respectively. The observed values of ZT can be increased by increasing the doping level of c-Si. It was calculated, that the maximum of the power factor (S 2 ρ) for n-type doped c-Si was occurs at N ≈ 1 * 10 21 cm -3 for T = 500 -900 K. Considering the two order of magnitude drop of thermal conductivity for SiNWs and bulk-like electrical properties, one can expect ZT = 1-2 at T = 300 K for highly-doped SiNWs, which is close or even higher than that for commonly used bismuth chalcogenides (ZT = 0.8-1.0).

Considering the estimated maximum power factor for c-Si at T = 300 K of 14 mW m -1 K -2

and SiNWs thermal conductivity of 1.6 W/(m*K), the maximum ZT for SiNWs can be estimated of about 3.

The Seebeck coefficient for individual SiNWs at T = 300 K was reported to be close to that for c-Si with the same doping level. The calculated thermoelectric figure of merit for individual SiNWs with electrical conductivity of 1.7 mΩ*cm was of about 0.6, which can be further increased by increasing the doping level in SiNWs. For the practical applications, the SiNWs arrays with high average ZT should be fabricated.

h) Characterization of SiNWs

Characterization of the morphology and structural properties of SiNWs is traditionally performed using the SEM and TEM (HRTEM) microscopy. The non-destructive characterization of the crystalline lattice for c-Si and SiNWs arrays using the Raman spectroscopy was shown, that allowed us to distinguish between the amorphous phase, cubic diamond and hexagonal diamond crystalline phases of silicon.

Characterization of thermal and electrical properties of SiNWs was performed mainly by direct methods, similar to those for bulk Si. The contacts were nanofabricated to the individual SiNWs, and the thermal and electrical conductivity was measured. The dopant concentration in SiNWs arrays was studied by the SIMS method, however in SiNWs the dopant concentration can be not equal to the free charge carrier concentration due to donor deactivation. Thus the contactless methods for characterization of SiNWs arrays are of high importance for the development and application of SiNWs-based thermoelectric devices.

Statement of the research tasks for PhD thesis

Considering the state of the art for fabrication techniques and electrical and thermal properties of SiNWs, the following problems for the PhD thesis were set:

1. Fabricate the arrays of SiNWs with nanowire diameter of about 100 nm, length ∼ 10 µm and bulk core/rough surface morphology of nanowires, using the metal-assisted chemical etching. At this step, the spin-coating and post-spin baking procedures could be applied for several times to increase the thickness of the deposited SOD layer.

(c) High-temperature annealing. The high-temperature annealing activates the diffusion of dopant atoms from SOD film into SiNWs. The annealing was performed using the rapid thermal annealing (RTA) device or the oven. The annealing temperatures were varied in the range from 900 to 1000 0 C, the annealing time was varied from 5 s to 5 min. The annealing was performed in the nitrogen (N 2 ) atmosphere.

After the annealing the rest SOD film, as well as surface silicon oxide, were removed in an aqueous solution of [HF (48%) : C 2 H 5 OH] = 9:1 for 10 min.

The standard SOD doping procedure consisted in the spin-coating and post-spin baking of the SOD solution with the following annealing in RTA furnance for 15 s (maximum temperature of 950 0 C).

Investigated samples

Investigated samples represented undoped and doped por-Si layers and SiNWs arrays with the length of 4-27 µm and diameter of 50-300 nm. SiNWs possesed bulk core/rough surface nanostructure and had nearly uniform diameter. Porosity of SiNWs arrays was of about 75 %.

Initial SiNWs were p-type (boron) doped, and highly-doped SiNWs were additionally doped with boron (p-type) or phosphorus (n-type). The doping level for low-doped SiNWs was of the order of 10 14 -10 15 cm -3 , for highly-doped SiNWs it was varied in the range from 5 * 10 18 to 3 * 10 20 cm -3 both for p-and n-type impurities.

The summary for the investigated samples is given in Table 2.2. SEM produces images by scanning the sample with a high-energy beam of electrons. As the electrons interact with the sample, a number of signals are produced. These signals include secondary electrons, backscattered electrons, and characteristic X-rays. The topography of the sample is obtained using the secondary electrons. Secondary electrons occur due to inelastic interactions between the primary electron beam and the sample and have energies lower than that of primary electrons. The mean free path length of secondary electrons in many materials is about 10 Å. Thus, although the secondary electrons are generated throughout the region excited by the incident beam, only those electrons that originate less than 10 Ådeep in the sample are detected. This volume of production is very small compared with backscattered electrons and X-rays. Therefore, the resolution using secondary electrons is better than either of these and is effectively the same as the electron beam size. The secondary electron yield depends on many factors, and is generally higher for high atomic number targets, and at higher angles of incidence. 

Transmission electron microscopy

Transmission electron microscopy (TEM) is a major technique for characterization of the nanostructure morphology. By forming a nanometer-size electron probe, TEM is unique in identifying and quantifying the chemical and electronic structures of individual nanocrystals [START_REF] Bhattacharya | Chapter 8 -electrical transport properties of ion-conducting glass nanocomposites[END_REF]. TEM is a microscopy technique in which a focused beam of energetic electrons is transmitted through the sample in the very high vacuum chamber, and the interaction of electrons with the sample forms an image [START_REF] Bhattacharya | Chapter 8 -electrical transport properties of ion-conducting glass nanocomposites[END_REF][START_REF]Chapter 6 -Plant-Mediated Green Synthesis of Nanostructures: Mechanisms, Characterization, and Applications[END_REF]. The image is then magnified and focused onto an imaging device, such as a charge coupled device. TEM image contrast is due to differential absorption of electrons by the material due to differences in its composition or thickness. An improvement to TEM is high-resolution transmission electron microscopy (HRTEM). This provides imaging of the crystallographic structure of a sample. is the refraction coefficient of Ge prism, θ is the angle of light incidence. At total reflection, the transmitted wave inside the sample represents an evanescent wave, which travels along the Ge crystal/sample interface with an amplitude that decreases exponentially with the distance from the sample surface [START_REF] Landau | Electrodynamics of Continuous Media[END_REF]. If the sample is transparent (α = 0) and the condition of total reflectance is fulfilled, the ATR signal close to 1 will be observed. If at the given wavelength the light is absorbed at vibrational level of the sample (α > 0), the evanescent transmitted light is absorbed inside the sample, and the absorption peaks in ATR spectra are observed (R < 1), that resemble those observed for transmittance spectra.

Infrared spectroscopy

IR spectra were measured using a Bruker Vertex 70/80 Fourier-transform infrared spectrometer in the reflectance and ATR mode using a single-reflection germanium (Ge) prism (45 0 ). For the ATR measurements, the mechanical contact between SiNWs sample and ATR (Ge) crystal was applied until the following enhancement did not produce any change in measured spectra.

Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of monochromatic light. When the sample is irradiated with monochromatic light (laser), the spectrum of scattered light contains a line at initial laser frequency (elastic Rayleigh scattering) and at other frequencies (inelastic scattering), which occur due to interaction of light with matter. This phenomenon is called the Raman effect.

Since the scattered light is due to interaction with matter the Raman spectrum provides the information about the matter. In crystalline nanostructures, the interaction of light with optical phonons is studied. Raman spectra in applications to silicon nanostructures can provide a non-destructive probe of chemical structure, crystallinity, size, temperature, impurity atoms free charge carriers electron properties, thermal and electrical transport, surface, intrinsic stress/strain.

In combination with mapping Raman spectroscopy can provide a spatial distribution of the above parameters. Raman spectroscopy can be used for microscopic analysis, with a spatial resolution in the order of 0.5-1 µm. Such analysis is possible using a Raman microscope [130].

The Raman scattering in silicon and other crystals can be considered as an interaction of light with optical phonons of a crystal. The incident phonon is "absorbed" and takes system to a virtual level then the light is re-emitted at other frequency. If the energy of scattered photon energy is less that of incident one (due to creation of phonon), the scattering process is designated as 'Stokes', if the photon energy increases (due to absorption of phonon), the scattering process is designated as 'anti-Stokes'.

The systems to used to investigate the inelastically scattered light consist of one or more monochromatic light sources (lasers), microscope lenses (to focus the light onto the sample and to collect the scattered light), filters (to exclude the reflected and elastically scattered light), diffraction grating to resolve the spectrum, very sensitive detector (to detect the weak light), computer to control the whole system and display the spectrum. Laser wavelengths used range from ultra-violet through visible to near infra-red. The choice of the laser wavelength has an important impact on experimental capabilities, such as sensitivity, spatial and spectral resolution, excitation depth and sample photoluminescence. In certain cases, sample photoluminescence carries useful information that can facilitate sample analysis and augment the Raman data, thus

Raman microscopes can be used to analyze both Raman scattering and photoluminescence spectra of the samples.

Raman spectra were measured using a Horiba HR 800 spectrometer with excitation at 632.8 nm, a DFS-500 (LOMO, Russia) spectrometer with excitation at 514.5 nm and a LabRAM Aramis micro-Raman spectrometer under 473 nm excitation. The maximal laser intensity was of 15 kW/cm 2 , the laser spot diameter was of 2-10 µm.

Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a characterization technique, which uses the light, or photons, to stimulate the emission of the photons from the material. It is a non-contact, nondestructive method for probing materials. In an emission process an electron (or possibly a quasi-particle) occupying an higher energy state makes a quantized (i.e. discrete) transition to an empty lower-energy state. For a radiative transition the energy difference between these two states is emitted as electromagnetic radiation, i.e. photons, whereas for non-radiative transitions, this energy difference is emitted in the form of heat, i.e. phonons [START_REF] Gilliland | Photoluminescence spectroscopy of crystalline semiconductors[END_REF].

Photoluminescence from semiconductors is most commonly characterized via spectroscopic techniques. These techniques involve measuring the energy distribution of emitted photons after optical excitation. To measure the PL spectra of Si materials, the sample is irradiated with a focused ultraviolet or visible laser, the PL light is collected by the lens system and analyzed using a monochromator and CCD camera. To measure the PL lifetime, the time-resolved measurements using a high speed detectors and ultra-low dead time electronics are performed [START_REF]Horiba official website[END_REF]. Analysis of the PL spectra allows us to determine the material crystallinity, bandgap, defect types and concentrations, recombination mechanisms [START_REF] Gilliland | Photoluminescence spectroscopy of crystalline semiconductors[END_REF][START_REF]Horiba official website[END_REF]. For exapmple, the material bandgap can be determined from the spectral peak of the PL emission [START_REF] Pendse | Cathodoluminescence and transmission cathodoluminescence[END_REF]. By combining Raman analysis with PL detection, it is possible to characterize both the vibrational and electronic properties of materials. A wide range of excitation wavelengths is possible, allowing control of the penetration depth into the material, and thus, control of the volume sampled [START_REF]Horiba official website[END_REF].

PL spectroscopy is usually used to measure the direct transitions, including band-to-band and free-to-bound recombination [START_REF] Gilliland | Photoluminescence spectroscopy of crystalline semiconductors[END_REF]. Indirect recombination processes, which involve the simultaneous emission of phonon(s) and a photon, are much less probable than the direct ones.

Thus, since c-Si has indirect bandgap, the PL technique is not often used for its characterization due to weak photoluminescence [START_REF] Pendse | Cathodoluminescence and transmission cathodoluminescence[END_REF]. PL spectroscopy is usually applied to study Si nanocrys- PL spectra were measured using a LabRAM Aramis micro-Raman spectrometer with 473 nm excitation and Mightex HRS spectrometer with 488 nm excitation.

Electrical resistance measurements

Four-point probe (4-wire sensing, or 4-terminal sensing) and two-point probe methods are the electrical impedance measuring techniques that uses separate pairs or combined current-carrying and voltage-sensing electrodes. The four-point probe method is more accurate than the simpler two-point probe sensing.

In 4-point method the electrical current is created by two extreme electrodes, and the potential drop is measured across two probes in the middle. The electrical resistivity is calculated as Further, the reversible photo-induced formation of hex-Si phase in initially cubic diamond MACE-fabricated SiNWs is reported. This effect was observed by means of micro-Raman spectroscopy. In particular, a key role of mechanical stresses in SiNWs emerging under a focused laser beam is emphasized to be responsible for the hex-Si phase formation. Finally, a huge enhancement of photoluminescence level for the SiNWs with hexagonal polytype regions is demonstrated. c-Si wafer can be associated with the decrease in the rate of Ag + reduction at Ag/Si interface.

ρ = V S/

Fabrication of SiNWs arrays by metal-assisted chemical etching

Morphology and crystalline structure of initial SiNWs

Considering that the Ag/Si interface behaves close to ideal Schottky barrier [START_REF] Kolasinski | Electron transfer during metal-assisted and stain etching of silicon[END_REF], one can obtain that the free electron concentration at the interface decreases with increasing p-type doping level [START_REF] Bonch-Bruevich | Physics of semiconductors[END_REF], that slows down the reduction Ag + ions by the electrons form Si.

The pore diameters for p --SiNWs reduce towards SiNWs/c-Si interface, that is not observed for pand p + -SiNWs (see Fig. 3.1 (g)-(i)). This fact is explained by the dissolution of Ag nanoparticles due to Ag redeposition during the etching, which is stronger in the case of p --SiNWs, than for pand p + -SiNWs. The latter can not be associated with the doping level of the c-Si wafer, because the rate of Ag + ion reduction is higher for p --SiNWs, than for pand p + -SiNWs. The possible explanation is the different morphology of the deposited Ag layer for the c-Si wafers with different doping level, that can influence the Ag redeposition rate. The Ag redeposition during MACE results also in partial dissolution of SiNWs tips, which can be seen in Fig. 3.1 (d). Comparing Fig. 3.1 (d) and (e), one can see, that SiNWs diameter at the top of the array is less uniform for p --SiNWs, than for p-SiNWs.

p + -SiNWs are more rough than p-SiNWs, and the formation of por-Si layer at the top of SiNWs can be seen (see Fig. 3.1 (f)). Higher surface roughness for p + -SiNWs can be understood considering both the Fermi level in c-Si and zone bending at Ag/Si interface, which lead to higher free hole concentration at Ag/Si interface for p-type c-Si with higher doping level. The free holes diffuse away from metal-covered zones and facilitate Si dissolution around Ag nanoparticle. The formation of por-Si layer can be explained by both the redeposition of small Ag particles and the increase in free hole concentration at Ag/Si interface with p-type doping level. Note, that strong Ag redeposition creates a general bulk etch effect in the case of p + -SiNWs, however its effect is less pronounced. The formation of surface roughness for SiNWs occurs also due to the stain etching of silicon, which takes place simultaneously with MACE, but this process is much slower than MACE and was not taken into account.

Accordingly to the top-view SEM images, the SiNWs diameter is of 50-100 nm for all the wafers, while the pore size for p and p + wafer is smaller than for p -wafer, which is related to the different morphology of Ag layers deposited onto the wafers. The porosity of SiNWs arrays was determined from the top-view SEM images as a ratio of the number of dark pixels (brightness less than 50 %) to the total ones, and it is of 75 ± 5 % for all samples. SiNWs samples in this series are marked as SiNWs-C. The length of SiNWs, controlled by the MACE duration, was varied from 4 to 22 µm. The mean diameter of SiNWs was found to slightly increase with the length of SiNWs, which is explained centered near 517 cm -1 (peak A) and 510 cm -1 (peak B) can correspond to singlet (LO) and doublet (TO) phonon modes of cub-Si under heating and mechanical stresses [START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF]139] caused by a temperature gradient along SiNWs. Despite the fact that the doublet phonon Raman scattering is normally forbidden in backscattering geometry for (001)-oriented cub-Si surface [START_REF] Volodin | Splitting of frequencies of optical phonons in tensile-strained germanium layers[END_REF], multiple light scattering in SiNWs array leads to a breakdown of this selection rule with subsequent simultaneous observation of both phonon modes (LO and TO) in the heated and stressed SiNWs. Concerning the Raman peak (C) centered near 490 cm -1 , it corresponds to hex-Si (2H) phase [START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF][START_REF] Weills | Characterization of Si III and Si IV metastable phases[END_REF]. The photo-induced formation of the hex-Si phase is provoked by strong mechanical stresses in inhomogeneously heated (over 400 K) SiNWs [START_REF] Weills | Characterization of Si III and Si IV metastable phases[END_REF][START_REF] Yin | Theory of static structural properties, crystal stability, and phase transformations: Application to si and ge[END_REF].

Structural properties of additionally doped SiNWs

To exclude the existence of amorphous silicon (a-Si) phase in photo-excited SiNWs, which exhibit the Raman peak at about 480 cm -1 , one can refer to Fig. 3.7. Indeed, the observed disappearance of the peak C under external heating of silicon substrate, leading to decrease of the temperature gradient along SiNWs, could not happen if it would correspond to any amorphous phase. Moreover, the FWHM for the Raman peak of a-Si at T = 300 K is usually about 70 cm -1 (Ref. [START_REF] Newby | Amorphization and reduction of thermal conductivity in porous silicon by irradiation with swift heavy ions[END_REF]), which is much larger than the FWHM for the peak C of about 15-30 cm -1 . It is worth to remark reversible nature of the photo-induced cub-Si ↔ hex-Si transition. A decrease in the laser intensity leads to disappearance of the Raman peaks corresponding to hex-Si phase, as well as to the split phonon modes of cub-Si. At the same time, the phase transition in SiNWs can be only observed under photo-induced heating of the SiNWs tips, while the homogeneous heating of SiNWs even up to 1200 K does not lead to emergence of the Raman peaks B and C [START_REF] Glynn | The nature of silicon nanowire roughness and thermal conductivity suppression by phonon scattering mechanisms[END_REF].

Temperature gradient induced mechanical stresses

To emphasize the role of the inhomogeneous heating-induced mechanical stresses in SiNWs, one can estimate temperature gradients ensured by photoexcitation. The breakdown or decrease of the temperature gradient in SiNWs leads to disappearance of hex-Si phase in SiNWs. Fig. 3.7 shows that the destruction of the temperature gradient in SiNWs by thermal heating of the underneath Si substrate or the decrease of the distance between the heated part and the substrate (by scanning the laser beam along nanowires) leads to a disappearance of the Raman peak C, corresponding to the hex-Si phase, as well as to a disappearance of the LO-TO phonon spectral splitting.

Cubic-to-hexagonal polytype transformation

In order to study progressive formation of the hex-Si phase in SiNWs, evolution of spectral position of the Raman peaks was studied as the function of excitation laser intensity (see Fig. which leads to upshift of the phonon frequency for a given peak width [START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF][START_REF] Djoufac Woumfo | Caracterisations physico-chimiques et mineralogiques des vertisols de garoua (Nord Cameroun)[END_REF]. Taking into account temperature and stress dependencies of the peak position and width for bulk cub-Si [START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF][START_REF] Périchon | Measurement of porous silicon thermal conductivity by micro-Raman scattering[END_REF] one can estimate the mechanical stress and temperature rise to be respectively about 3 GPa and 85 K for the laser intensity of 4 kW/cm 2 . Further increase in the laser intensity (Zone II) leads to the rise of a temperature gradient along the length of SiNWs and, consequently, to the increase of thermally induced mechanical stresses. The strong stresses provoke easily observable singlet-doublet phonon splitting of the Raman peaks [START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF]. Considering backscattering geometry of the exciting laser beam propagating in <001> direction and the average compression occurring along SiNWs, the singlet and doublet components are concluded to correspond to LO and TO phonons. In this case, LO and TO phonons would be polarized parallel and perpendicular to the stress direction, respectively, and thus have different energy. Despite the doublet Raman band is forbidden for (001)-oriented cub-Si surface in backscattering geometry [START_REF] Volodin | Splitting of frequencies of optical phonons in tensile-strained germanium layers[END_REF], both the enhanced multiple light scattering on the top overheated parts of a SiNWs array and their heating-induced crystalline disorder allow observation of the TO phonons. The splitting degree obviously increases with the laser intensity.

According to the data for bulk cub-Si at 110 K [START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF], the stress magnitude estimated from the splitting value obtained for SiNWs is found to be, respectively, around 3. The temperature of SiNWs, at which the formation of hex-Si occurs, is estimated from the cub-Si Raman peak position to be more than 400 K. The latter value correlates well with the temperature of 470 K, required for formation of hex-Si in relaxed bulk Si [START_REF] Weills | Characterization of Si III and Si IV metastable phases[END_REF]. The maximal observed mechanical stress in SiNWs of about 7.5 GPa, estimated from the singlet-doublet phonon splitting, corresponds to the value of about 10 GPa, required for the cub-Si → β -tin phase transition in bulk Si [START_REF] Wippermann | Novel silicon phases and nanostructures for solar energy conversion[END_REF][START_REF] Mujica | High-pressure phases of group-IV, III-V, and II-VI compounds[END_REF].

Mechanism of photoinduced crystalline lattice transformation

Thus, the following mechanism of hex-Si phase formation in SiNWs under photoexcitation can be suggested. The strong photo-induced temperature gradient appearing along SiNWs leads to significant mechanical stresses, which are observed as singlet-doublet phonon splitting of Raman peaks of SiNWs. When the stress magnitude in the overheated SiNWs (T > 400 K) reaches the value of more than 4 GPa, a partial phase transition cub-Si → β -tin Si → hex-Si takes place, analogously to the case of bulk cub-Si [START_REF] Wippermann | Novel silicon phases and nanostructures for solar energy conversion[END_REF][START_REF] Mujica | High-pressure phases of group-IV, III-V, and II-VI compounds[END_REF]. As a result, cub-Si and hex-Si phases coexist in SiNWs, as observed by Raman spectroscopy. The formation of the hex-Si phase is clearly illustrated by an appearance of the photoluminescence band in the spectral range of 1.3 -1.6 eV at high photoexcitation. 

Photoluminescence measurements

Chapter 4 Contactless diagnostics of free charge carriers

This chapter is devoted to studiyng the effectiveness of the post-fabrication doping of SiNWs using the the thermally activated diffusion of dopant atoms from the spin-on dopant solutions.

The contactless methods based on infrared spectroscopy and Raman scattering spectroscopy are developed to monitor the free charge carrier concentration in highly-doped SiWNs arrays.

Infrared spectroscopy

Infrared spectroscopy is a classical optical method to study the free charge carriers in c-Si [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF][START_REF] Humlíček | Infrared optical constants of n-type silicon[END_REF][START_REF] Van Exter | Carrier dynamics of electrons and holes in moderately doped silicon[END_REF][START_REF] Theiß | Optical properties of porous silicon[END_REF]. It was also applied to mesoporous Si with nanocrystal sizes below 50 nm [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]. The IR reflectance spectra for c-Si and mesoporous Si were described using the isotropic effective medium approximation and Drude model for free charge carriers, that was used to determine the free charge carrier concentration in the samples [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]. Por-Si and SiNWs with a typical nanocrystal diameter of 100 nm have not been investigated by the IR spectroscopy. This section describes an application of IR spectroscopy to study free charge carriers in por-Si and SiNWs.

The effect of the light scattering on the IR spectra of nanostructures with diameter about 100 nm is investigated. The modeling of the IR spectra for SiNWs based on the anisotropic effective medium approximation is presented.

Modeling of infrared spectra for nanostructured media a) Isotropic medium

Let us consider isotropic nanostructured layers (por-Si). In the general case of an opaque homogeneous material the reflectance of attenuated total reflectance spectrum (R AT R ) can be calculated from the Fresnel equations, which give the following expression for the s-polarized light [START_REF] Landau | Electrodynamics of Continuous Media[END_REF]:

R s = √ ε Ge cosθ -ε PS -ε Ge sin 2 θ √ ε Ge cosθ + ε PS -ε Ge sin 2 θ 2 , (4.1) 
where ε Ge and ε PS are the dielectric constants of Ge prism and por-Si layer, θ is the light incident angle. For non-polarized light and incident angle θ = 0 the Fresnel equations give the following value of R AT R = R s ; if θ = 45 0 the Fresnel equations lead to R AT R = (R s + R 2 s )/2 (see for example Ref. [START_REF] Landau | Electrodynamics of Continuous Media[END_REF]).

The dielectric function of por-Si described as an isotropic effective medium, consisting of air and doped spherical Si nanocrystals, can be found accordingly to the Bruggeman formula (effective medium approximation) [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]:

f A ε A -ε PS ε A + 2ε PS + f nc ε nc -ε PS ε nc + 2ε PS = 0, (4.2) 
where f A = p, f nc = (1p) are the volume fraction of air and Si nanocrystals in por-Si, correspondingly, p is the porosity of por-Si, ε A , ε Si are the dielectric constants of air and Si nanocrystals, correspondingly.

The dielectric function of doped Si nanocrystals ε nc can be found as ε nc = ε ∞ + χ FC , where ε ∞ is the dielectric constant of pure undoped c-Si, χ FC is the permittivity of free charge carriers.

In the studied IR range from 600 to 5000 cm -1 undoped c-Si represents an optically transparent medium with ε ∞ = 11.7 [START_REF] Philipp | Optical constants of silicon in the region 1 to 10 ev[END_REF]. Permittivity of free charge carriers can be described by the Drude model [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF][START_REF] Humlíček | Infrared optical constants of n-type silicon[END_REF][START_REF] Van Exter | Carrier dynamics of electrons and holes in moderately doped silicon[END_REF][START_REF] Theiß | Optical properties of porous silicon[END_REF] χ FC = -

ω 2 p ω 2 + iωg , (4.3) 
where ω p is the plasma frequency, g is the damping rate (g = τ -1 , τ is the electron quasimomentum scattering time). The plasma frequency is given by the following formula:

ω p = N e 2 mε 0 , (4.4)
where N is the concentration of charge carriers in the nanocrystal, e is the electron charge, m is the effective mass of charge carriers, ε 0 is the permittivity of free space. The effective mass of electrons and holes in c-Si is equal to m = 0.26 m 0 and m = 0.37 m 0 , correspondingly, where m 0 is the free-electron mass [START_REF] Van Exter | Carrier dynamics of electrons and holes in moderately doped silicon[END_REF].

In a Si nanocrystal the scattering time of charge carriers τ can be shorter than that in the bulk material due to the interaction of charge carriers with the nanocrystal surface [START_REF] Timoshenko | Free charge carriers in mesoporous silicon[END_REF]. This can be considered as an additional term in the damping rate g, which is proportional to the number of interactions N i of an electron with the nanocrystal surface during the period of electromagnetic wave, N i can be estimated as vT /L, where v is the thermal velocity of charge carriers, T = 2π/ω is the wave period and L is the size of nanocrystal [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]. Hence, the damping rate g for the charge carriers can be expressed in the following way [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]:

g = g 0 1 + g 1 ω , (4.5) 
where g 0 is the volume damping rate of free charge carriers (in the bulk material), g 1 is the model parameter, which describes the surface damping rate of free charge carriers. For the bulk phosphorous-doped n-type Si at the room temperature an empirical dependence between the plasma frequency and the volume damping rate was found: g 0 = 194 + 0.051ω p [START_REF] Humlíček | Infrared optical constants of n-type silicon[END_REF], where both g 0 and ω p are given in cm -1 . Note, that spectroscopic units [cm -1 ] for damping rate and frequency can be converted to [s -1 ] by multiplying on 2πc, where c is the speed of light in vacuum.

Overall, the model (4.1)-(4.5) describes the reflectance spectra for por-Si using the following parameters: porosity (p), concentration of free carriers in nanocrystals N (or the plasma frequency ω p ), bulk damping rate (g 0 ) and surface damping rate parameter (g 1 ). The range of applicability of this model is mainly determined by the applicability of effective medium approximation in the specific experimental conditions, and it will be discussed in the next parts of this section, devoted to the experimental study of the free charge carriers in por-Si and SiNWs.

b) Anisotropic medium

Let us consider a plane monochromatic electromagnetic wave falling on an uniaxial anisotropic crystal with an optical axis perpendicular to a surface of crystal, as it is shown in Fig. 4.1. The coordinate system is chosen in such a way that the z-axis is perpendicular to the sample surface (and parallel to the optical axis) and directed inside the sample, and the xz-plane represents the plane of incidence of light. The light falls from the transparent medium, which represents an ATR (Ge) crystal and is characterized by a refractive index n Ge .

ATR signal measured for non-polarized light is given by the following expression:

R AT R = (R s + R p )/2, (4.6) 
where R s,p is the reflectance for s-and p-polarized light, correspondingly [START_REF] Landau | Electrodynamics of continuous media[END_REF].

In our case R s,p can be expressed in the following way:

R s = ω c n Ge cosθ -k zo ω c n Ge cosθ + k zo 2 , (4.7 
)

R p = ω c ε ⊥ cosθ -n Ge k ze ω c ε ⊥ cosθ + n Ge k ze 2 , (4.8)
where ω is the frequency of the incident light, c is the speed of light, θ is the angle of light incidence, k zo,e are the z-components of the light wave vector inside the sample for the ordinary and extraordinary rays, correspondingly, which are given by

k zo = ω c ε ⊥ -n 2 Ge sin 2 θ , (4.9) 
and

k ze = ω c ε ⊥ - ε ⊥ ε n 2 Ge sin 2 θ , (4.10) 
where ε ⊥, are the dielectric constants of an uniaxial anisotropic medium (see Appendix A).

In order to describe the dielectric function of SiNWs array, the latter can be considered within the effective medium approximation. SiNWs array consists of doped Si nanocrystals and air, and in the effective medium approximation it represents an anisotropic uniaxial medium with dielectric constants given by the generalized Bruggeman formula, as follows: The parameters ω p , g 0 , g 1 can be determined from the fit of the ATR spectra for Si nanostructure samples, while the porosity of Si nanostructures is usually known from other techniques (e.g. SEM or gravimetric analysis). The free charge carrier concentration in Si nanocrystals can be calculated from ω p accordingly to Eq. (4.4). One can represent the spectra for -ln(R AT R ) in the following form, similar to Beer-Lambert between the spectra of -ln(R AT R ) and α eff can be clearly seen, with higher values of -ln(R AT R )

f A ε ⊥, -ε A ε ⊥, + L ⊥, (ε A -ε ⊥, ) + f nc ε ⊥, -ε nc ε ⊥, + L ⊥, (ε nc -ε ⊥, ) = 0, ( 4 

c) Comparison of anisotropic and isotropic models

corresponding to higher values of α eff . As expected, both α eff and -ln(R AT R ) increase with the free charge carrier concentration in Si nanocrystals for SiNWs and por-Si. Therefore, for por-Si, the same values of -ln(R AT R ) are associated with higher values of N than for SiNWs. Fig. 4.3 shows calculated values of the effective light penetration depth d eff , which is defined as -ln(R AT R )/α eff , for highly doped SiNWs and por-Si, as well as for undoped por-Si, for comparison. The latter value is calculated for s-polarized light, according to the following equation:

d eff⊥ = 2cn rel cosθ (1 -n 2 rel )(sin 2 θ -n 2 rel ) 1/2 1 ω , (4.12) 
where n rel is the relative refraction coefficient between the sample and Ge prism [START_REF] Harrick | Electric field strengths at totally reflecting interfaces[END_REF][START_REF] Hansen | Expanded formulas for attenuated total reflection and the derivation of absorption rules for single and multiple ATR spectrometer cells[END_REF].

Note, that Eq. (4.12) is valid only for transparent samples. As can be seen from the figure, for all the samples, d eff decreases with light frequency, the magnitude of d eff ranges from ∼ 1 µm at 500 cm -1 to ∼ 0.1 µm at 2000 cm -1 . The lower values of d eff for highly-doped samples compared with low-doped ones are related to the additional light absorbance in highly-doped samples by free charge carriers. It is important that both for highly-doped SiNWs and por-Si, the spectra of d eff can be approximated by ∼ ω -1 in the whole wavenumber range, for undoped por-Si this fact follows directly from Eq. (4.12).

Considering the asymptotics for ATR spectra and absorption coefficient, it can be seen from Fig. 4.5 shows the application of the IR reflectance method to macroporous Si (por-Si-A series). It shows the specular reflectance spectra for low and highly doped por-Si samples, as well as for low and highly doped c-Si substrate. The reflectance spectra both for low and highly doped por-Si are not similar to those for c-Si, and the reflectance values for por-Si exhibit a strong decrease with light frequency. This fact can be explained by light scattering in the por-Si layers, with sizes of the scattering objects considerably smaller than the light wavelength. The difference between the reflectance spectra for the initial and doped samples can be due to a high density of free charge carriers (electrons) in Si nanostructures of the latter sample. The higher reflection for the doped sample in the spectral region below 1000 cm -1 seems to be directly related to free charge carriers, since in this region the effect of the light scattering is the smallest.

Note, that the IR reflectance spectra of mesoporous Si (nanocrystal sizes below 50 nm) can be well described within the effective medium model because the light scattering is negligible [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF]. However, this approach is hardly applied to Si nanosctructures with size above 50 nm because the light scattering is strong, and spectral dependence of optical losses due to light Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon scattering is unknown.

b) Attenuated total reflectance spectrosopy

Since the standard reflectance spectroscopy in unsuitable for macroporous Si, the free charge carriers in the por-Si were studied by infrared attenuated total reflectance spectroscopy. Fig. 4.6

shows ATR spectra for initial and additionally doped por-Si layers. The ATR signal for initial por-Si is close to unity in all spectral range that indicates the case of total reflection and implies that the influence of light scattering is negligible. Thus, a decrease of the ATR signal at low frequencies for additionally doped samples can be explained purely by the light absorption related to the free electrons in Si nanocrystals. The absence of the light scattering in the ATR mode implies that optical properties of por-Si in this mode can be described on the basis of the effective medium approximation. and g 1 , were used as fit parameters. Good theoretical fits, as seen from the Fig. 4.7 (a), give us an experimental evidence that the free charge carrier concentration in por-Si layers can be determined using the IR ATR spectroscopy. Note, that the use of the common Drude model, given by Eq. (4.3) with the constant damping rate g, which gives good results for c-Si, does not describe ATR spectra for por-Si in the high frequency range. This fact implies the strong interaction of the charge carriers in por-Si with the surface of nanocrystals.

Table 4.1 shows an overview of the results of ATR spectra analysis for the studied por-Si layers. As seen from the table, for all samples the electron concentrations in the bulk of Si nanocrystals N is of order of 10 19 cm -3 , which is 4 orders higher than that of the initial c-Si wafers. The electron concentration increases for the por-Si layers with smaller thickness, which can be explained by the smaller effective volume of the layer filled by the same amount of dopant.

The values of g 1 are rather high, compared to the values of the bulk scattering rate g 0 , and of order of the values of g 1 for mesoporous Si [START_REF] Osminkina | Interaction of infrared radiation with free carriers in mesoporous silicon[END_REF], which can be attributed to the additional surface scattering of free carriers on the rough surface of Si nanocrystallites in por-Si. In consistence with this explanation, the largest value of surface scattering parameter was observed for the sample with largest etching time due to continuous formation of smaller nanocrystals (nanoroughness) on the surface of larger nanostructures during the etching [START_REF] Sivakov | Roughness of silicon nanowire sidewalls and room temperature photoluminescence[END_REF]. obviously responsible for the absorption decrease in the spectral range below 1000 cm -1 , which is significantly stronger than it was reported for mesoporous Si with hole concentration about 10 18 cm -3 (see Ref. [START_REF] Timoshenko | Free charge carriers in mesoporous silicon[END_REF]).

The error bars for determination of N using the ATR technique arise from the error bars of porosity determination and modeling. Fig. 4.8 shows the -ln(R AT R ) spectrum of por-Si layer (5 min growth) and its modeling with different ω p . The discrepancy between experimental and theoretical spectra is less than 10%, and the error bars for the electron concentration can be estimated of about 20%. For the ATR technique, one should take into account the mechanical contact quality between a sample and ATR crystal. To exlude this factor, the mechanical contact between porous Si and ATR crystal was applied until the following enhancement did not produce any change in measured spectra.

ATR measurements with powders, which were prepared from detached por-Si layers by mechanical grinding, also showed a high level of electron concentration in additionally doped por-Si. Fig. 4.9 shows that, similarly to the doped por-Si on c-Si substrate, the powders of por-Si exhibit a decrease of ATR signal at low wavenumbers. Assuming the high porosity of the investigated powder the free electron concentration in doped por-Si nanocrystals can be estimated as high as 10 19 cm -3 . This fact confirms the high concentration of free charge carriers in Si nanocrystals in the investigated por-Si layers. Discrepancy between experimental data and theoretical curve at large wavenumbers can be explained by partial breaking of the effective medium approximation due to stronger light scattering in por-Si powder.

Note, that he obtained high concentration of electrons in Si nanostructures is accompanied with relatively low damping rate and the corresponding Q-factor (the ratio between plasma frequency and damping rate) is about 7, which is only 3 times smaller than for local plasmons in gold [START_REF] Wang | General properties of local plasmons in metal nanostructures[END_REF].

IR-ATR diagnostics of anisotropic SiNWs arrays

It was shown in Sec. 4.1.2 that the IR spectroscopy in specular reflectance geometry is well suited to probe free charge carriers in c-Si, while for Si nanostructures it can be unsuitable because of the strong light scattering. The low light penetration depth in ATR geometry, which uses an evanescent mode of penetrated light, allows to reduce the effect of light scattering in Si nanostructured layers on the IR-ATR spectra. Indeed, Fig. 4.10 (inset) shows that the ATR spectra for undoped SiNWs exhibit the total reflectance (R AT R ≈ 1) in the studied mid-IR range, and no influence of the light scattering is observed. The decrease in ATR signal for highlydoped SiNWs at low wavenumbers can be, consequently, associated with the light absorption by free charge carriers in SiNWs. Note, a strong decrease in the specular reflectance with the wavenumber in mid-IR range was observed for macroporous silicon with the nanocrystal size ∼ 100 nm, which was explained by the light scattering by rather large nanocrystals, but no effect of the light scattering was observed for the ATR spectra for the same samples (see Sec. 4.1.2). for SiNWs than those given by ∼ ω -3 approximation can be explained by lower effective light absorption in the scattering medium due to back-scattering of light, as well as by a change in the spectral dependence of d eff due to the light scattering. Since the absolute divergence between the experimental values of -ln(R AT R ) and ∼ ω -3 approximation is small, the effect of light scattering on ATR reflectance in SiNWs is not observed in the R AT R spectra of SiNWs (see inset in Fig. 4.10). At low wavenumbers, the effect of light scattering is smaller due to the decrease in surface scattering of charge carriers in Si nanocrystals. As it can be seen from the figure, the models give almost the same approximation to the experimental spectrum in low wavenumber range. The good fit of the ATR spectrum using the effective medium approximation indicates the negligible light scattering in SiNWs at low wavenumbers. Indeed, in this spectral range the light wavelength is more than 6 µm, which is much larger than the SiNWs diameter of about 100-300 nm. The theoretical models with g 1 = 0 give better approximation to the experimental spectrum of SiNWs at high wavenumbers than that with g 1 = 0, which can indicate considerable surface-related effects in SiNWs. However, the influence of the light scattering on ATR spectra of SiNWs is more pronounced. At that, the use of anisotropic or isotropic model does not influence the resulting fitting curve. Note, that for macroporous Si the isotropic model gives a good approximation in whole mid-IR range in the case of g 1 = 0 (see Sec. 4.1.2), that can be related to the weaker light scattering in such a system, while the model with g 1 = 0 gives insufficient approximation.

Fit parameters of the ATR spectrum for SiNWs with different theoretical models are sum-Table 4.2: Sample parameters obtained from the experimental data and from modeling of IR-ATR spectra for SiNWs using the isotropic and anisotropic effective medium approximation.

Fit model p ω p g 0 g 1 N (10 3 cm -1 ) (10 3 cm -1 ) (10 3 cm -1 ) (10 19 cm -3 ) isotropic 0.75 2.5 0.6 0.6 2.6 anisotropic 1.9 0.4 1.5 1.5 isotropic (g 1 = 0) 2.5 1.0 0 2.5 anisotropic (g 1 = 0) 1.9 0.8 0 1.4 marized in Table 4.2. In this table, the values of the plasma frequency (ω p ) and the free carrier concentration (N), determined by ω p , are of particular importance. One can see that the values of N obtained using the anisotropic model with g 1 = 0 and g 1 = 0 coincide within the experimental error. Thus, a more simple model with g 1 = 0 can be used to determine the free charge carrier concentration in SiNWs. The values of g 0 are higher in the case when g 1 = 0, which is consistent with Eq. (4.5). Similar results are observed for the isotropic model.

One should emphasize the difference in the values of N obtained using anisotropic and isotropic models. The determined free charge carrier concentration is about 1.5 times larger for the isotropic model than for the anisotropic one. This difference was already pointed out in the previous section, and it is related to the different dielectric constants for isotropic and anisotropic effective media with the same parameters of Si nanocrystals (see Fig. 4.2). For SiNWs arrays, the anisotropic model is more appropriate. However, both models give the same order of N, and a more simple isotropic model can be used to estimate the free charge carrier concentration in SiNWs samples.

Considering the error bars of N for the IR-ATR method, the main parameter affecting the obtained values of the free charge carrier concentration is the porosity of the samples. Considering both the error bars for porosity of 5% and the inaccuracy of fitting, the total error bars for N in the IR-ATR method are about 20%.

Fig. 4.11 shows the experimental ATR spectra and their fit for p-type highly-doped SiNWs of different length. The spectra were fitted using the anisotropic model with g 1 = 0. For all SiNWs lengths, the good fit is observed at low wavenumbers, while at high wavenumbers the discrepancy between experiment and modeling is seen, explained by the influence of light scattering. Considering p = 0.75, as determined by SEM measurements, the values of free hole concentration in SiNWs are ∼ 10 19 cm -3 . The values of the free hole concentration in SiNWs, measured using the IR-ATR technique, will be compared with the ones, measured using the Raman spectroscopy, that will be discussed in detail in Sec. 4.3.

Raman scattering spectroscopy

The one-phonon Raman peak of highly-doped c-Si is modified in comparison with that of lowdoped c-Si due to the Fano effect [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF], related to the electron-phonon interaction [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Burke | Raman study of Fano interference in p-type doped silicon[END_REF].

The Fano effect is much more pronounced in the case of p-type Si than for n-type Si [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF]. This effect was used to determine the free hole concentration in p-type c-Si with N > 10 20 cm -3 [START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF][START_REF] Beserman | Raman scattering measurement of the free-carrier concentration and of the impurity location in boron-implanted silicon[END_REF]. Similar modification of the Raman peak was observed in p-and n-type highly-doped SiNWs (see Sec. 1.2.3). The Fano effect together with the phonon confinement was observed in p-and n-type porous SiNWs [START_REF] Saxena | Raman spectroscopy for study of interplay between phonon confinement and Fano effect in silicon nanowires[END_REF]. This section describes an application of the Raman scattering spectroscopy to determine the free hole concentration in p-type SiNWs in the range of N = 10 19 ÷ 10 20 cm -3 and in-depth doping level profiles in SiNWs arrays, using the half-width of the Raman peak for SiNWs.

Raman spectra of highly p-type doped SiNWs

Fig. 4.12 shows the one-phonon Raman spectra of low-and highly-doped SiNWs (SiNWs-A series), as well as of low-doped c-Si substrate. As one can see from the figure, the doped SiNWs interaction is also responsible for a decrease in the phonon wavenumber Ω for highly doped SiNWs. The Raman peak asymmetry parameter (1/q) is proportional to a ratio of Raman matrix elements for pure-electron and one-phonon scattering [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF]. Thus, a decrease in q with increasing doping of SiNWs is related to an increase in the electron Raman scattering cross-section. The antiresonance on the low-wavenumber side of Raman line for doped SiNWs, corresponding to q > 0, is consistent with p-type Boron doping of SiNWs [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF]. Note that n-type doping of c-Si is known to lead to q < 0 [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF].

It can be also seen from Fig. 4.12 that the intensity of Raman scattering exhibits a strong increase in the case of low doped SiNWs arrays, in comparison with c-Si wafers, which is related to the strong light scattering in SiNWs arrays [START_REF] Mamichev | Enhanced raman scattering in multilayer structures of porous silicon[END_REF][START_REF] Osminkina | Optical properties of silicon nanowire arrays formed by metal-assisted chemical etching: evidences for light localization effect[END_REF]. The Raman intensity for the highly doped SiNWs is about two times lower than for the initial ones, which is caused both by the Fano effect [START_REF] Fano | Effect of configuration Interaction on intensities and phase shifts[END_REF] and absorption of the excitation light by free charge carriers [167].

The identical Raman peaks for low doped SiNWs and c-Si wafers (see Fig. 4.12 and Table 4.3)

indicate that SiNWs maintain the c-Si crystalline structure. Size effects, i.e. phonon confinement, which are known to lead to a modification of Raman spectra for SiNWs [START_REF] Richter | The one phonon raman spectrum in microcrystalline silicon[END_REF][START_REF] Campbell | The effects of microcrystal size and shape on the one phonon raman spectra of crystalline semiconductors[END_REF], are nearly absent because the cross-sectional sizes of SiNWs are more than 100 nm. One should take into account that only longitudinal optical phonons can be observed in the Raman measurements from (100) c-Si surface in backscattering geometry [START_REF] Volodin | Splitting of frequencies of optical phonons in tensile-strained germanium layers[END_REF]. The strong light scattering in SiNWs breakes up this selection rule, and both the longitudinal and transverse optical phonon scattering can be observed. The latter effect does not affect the Raman line half-width for SiNWs, that is confirmed by the same spectral half-width for c-Si substrate and initial SiNWs (see Table 4.3). on excitation laser wavelength that is typical for the Fano effect [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type si. i. acoustical modes[END_REF]. However, the values of Γ and Ω for doped SiNWs, as well as for initial SiNWs and c-Si wafers, are independent of excitation wavelength, because Γ and Ω are related to the real and imaginary parts of the phonon self-energy in crystal, respectively, which represents an intrinsic property of the studied material [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Balkanski | Anharmonic effects in light scattering due to optical phonons in silicon[END_REF].

The change of the Raman line shape for SiNWs with increasing laser wavelength can be described by 1/q parameter. Note, the value of q 2 is proportional to the ratio of transition probabilities for pure-electron and pure-phonon Raman scattering [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Cerdeira | Interaction between electronic and vibronic raman scattering in heavily doped silicon[END_REF]. Given the expressions for the Raman tensors R p,e for the pure-phonon and pure-electron scattering [START_REF] Cerdeira | Interaction between electronic and vibronic raman scattering in heavily doped silicon[END_REF] and considering q 2 ∝ |R p /R e | 2 , one can see that R p increases more rapidly than R e while the laser frequency approaches the resonance near the direct gap of Si (3.4 eV). This fact explains the increase in q with increasing laser frequency (see Table 4.3). For low doped c-Si wafers and initial SiNWs the pure-electron Raman tensor is close to zero and 1/q = 0 at all laser wavelengths. Since the asymmetry parameter q is dependent on the laser wavelength, and the maximum of the Fano function, obtained from Eq. (4.13), is equal to Ω max = Ω + Γ/q [137], the spectral position of Fano peak maximum for SiNWs increases with laser wavelength (see Fig. 4.13). As can be seen from Table 4.3, the observed values of Ω max are in good agreement with the above formula within the experimental error.

a) Role of c-Si substrate and SiNWs length

The depth of probed SiNWs layer is determined by the light penetration depth in SiNWs array. 

I c-Si /I total ∼ exp(-L/d eff ), (4.14) 
where I c-Si /I total is the relative integrated intensity of a c-Si peak in the total Raman peak of SiNWs samples, L is the length of SiNWs. An inset in Fig. 4.14 shows the dependence of I c-Si /I total on SiNWs length for a series of SiNWs samples and its fit with Eq. (4.14). The estimated light penetration depth in low and intermediately doped SiNWs arrays is of about 11 µm for the light wavelength of 632.8 nm. One can compare the obtained value with the light penetration depth of 5 µm for low doped c-Si [START_REF] Green | Self-consistent optical parameters of intrinsic silicon at 300 k including temperature coefficients[END_REF], as well as with the theoretical value d eff = 8 µm for low doped SiNWs, considered within the effective medium approximation [START_REF] Giordano | Effective medium theory for dispersions of dielectric ellipsoids[END_REF]. 

Dependence of Fano effect on free charge carrier concentration

Modification of the spectral shape of the Raman spectrum of doped SiNWs allows us to estimate the free hole concentration. The peak half-width is the most convenient parameter for this purpose, since it does not depend on the laser wavelength and can be accurately determined for all hole concentrations. Other parameters such as Ω and 1/q are not entirely suitable for low hole concentrations due to a high inaccuracy of their determination [START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF][START_REF] Beserman | Raman scattering measurement of the free-carrier concentration and of the impurity location in boron-implanted silicon[END_REF].

The theoretical dependence of the Fano peak half-width on the free hole concentration in c-Si can be determined as follows. It was shown that Γ is proportional to the combined density of states for the continuum of inter-valence-band transitions at the Fermi energy (ρ(µ)), and the latter parameter contains all the information about the carrier concentration dependence of Γ (see for details Ref. [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF]). Under the assumption of parabolic valence bands, ρ(µ) is proportional to

(N h -N l )/µ
, where N h and N l are the number of carriers per unit volume in the upper and lower valence bands, respectively, µ is the Fermi energy. Using the density of states per unit volume for the parabolic isotropic energy bands in the three-dimensional case and considering that the total number of carriers N = N l + N h , one can obtain µ ∝ N 2/3 , N l,h ∝ N and ρ(µ) ∝ N 1/3 . Thus, the dependence of Γ on N in p-type Si can be approximated by the following expression:

Γ = C 1 +C 2 N 1/3 , (4.15) 
where C 1,2 are the coefficients, which can be found experimentally using the Raman spectra for p-type Si with the different hole concentration measured in the same conditions.

Accordingly to Ref. [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF], the discussed determination of N is valid when µ is close to hΩ. Eq. (4.15), established for c-Si, can be applied to Si nanostructures of different morphology with a diameter of more than 10 nm, for which there is no effect of the phonon confinement for the Raman scattering. 

In-depth profiles of doping level for SiNWs arrays

A comprehensive characterization of SiNWs requires the determination of the free hole concentration in-depth profile. Such profiles for SiNWs arrays are useful for optimization of SiNWs-based solar cells and thermoelectric devices. Secondary ion mass spectrometry (SIMS) technique is usually used to profile the dopant concentration in SiNWs with spatial resolution of ∼ 1 nm [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF]. The main obstacle in using SIMS for SiNWs characterization is that it measures the total dopant concentration in SiNWs instead of free carrier concentration [START_REF] Werner | Doping-and carrier concentration profile characterisation of highly phosphorus-doped emitters[END_REF], which is responsible for the electrical conductivity of nanowires. The values of the dopant and free charge carrier concentration in SiNWs can significantly differ due to a dielectric mismatch between the wire interior and the surrounding air, as well as due to surface trap states (see Sec. 1.4). Thus, the The dilution of the spin-on dopant leads to a decrease in the absolute value of N, while its profile does not change significantly.

Comparison of IR-ATR and Raman techniques

This section describes the comparison of the IR-ATR and Raman scattering techniques for determination of free charge carrier concentration in p-and n-type SiNWs arrays. The free hole concentrations in SiNWs, which are determined from both the IR-ATR data and Raman spectra, are summarized in peak with an anti-resonance at high wavenumber side, and the following conclusions can be made. Firstly, the antiresonance at the high-wavenumber side of the Raman peak is consistent with n-type doping of SiNWs [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF], while p-type doped SiNWs exhibit the antiresonance at the low-wavenumber side of Raman peak [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF]. Thus, the Raman scattering technique allows us to distinguish the type of free charge carriers in SiNWs. Secondly, it is known that the Fano resonance in n-type c-Si, and consequently in n-type SiNWs, can occur only if N > 5 * 10 19 cm -3 [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF][START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF]. High threshold of the free charge carrier concentration, required to observe the Fano effect in n-type SiNWs, in contrast to p-type SiNWs, is explained by the difference in the band structures of conduction and valence electron bands in Si, so that for n-type SiNWs the overlap of energies between the one-phonon and inter-conduction-band electron transitions takes place only if the Fermi level is above a rather high critical value [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF][START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF]. Therefore, one can conclude the high doping level in investigated highly-doped SiNWs above N = 5 * 10 19 cm -3 . Thirdly, it is important to highlight that the Fano peak half-width for n-type SiNWs, as well as the other peak parameters, almost coincide with those for Lorentzian c-Si peak, that does not allow the precise determination of the free electron concentration in SiNWs by Raman spectroscopy. This fact is related to the smaller electron-phonon interaction matrix element in the case of n-type SiNWs than for p-type SiNWs [START_REF] Chandrasekhar | Effects of interband excitations on raman phonons in heavily doped n -Si[END_REF]. Overall, the Raman scattering technique in the case of n-type SiNWs allows us to probe values N > 5 * 10 19 cm -3 , but the precise determination of N is complicated.

p-type SiNWs arrays

Conclusions to Chapter 4 a) Infrared spectroscopy of por-Si and SiNWs arrays

The free charge carrier concentration in p-and n-type SiNWs was determined using the IR spectroscopy in attenuated total reflectance mode. The specular reflectance spectra for por-Si and SiNWs with diameter 100-300 nm were strongly affected by the light scattering by nanocrystals.

Therefore, they could hardly be described theoretically due to unknown spectral dependence of optical losses due to light scattering. The IR-ATR spectra for SiNWs were fitted using both the isotropic and anisotropic effective medium approximation and Drude model for free charge carriers, modified to consider the additional charge carrier scattering by nanocrystal boundaries.

The values of free charge carrier concentration in SiNWs, obtained using the isotropic effective medium model, were found to be 2-3 times higher than those, obtained using the anisotropic effective medium model, which was explained by the different effective dielectric constants of SiNWs in the case of anisotropic and isotropic models. The anisotropic effective medium model is more appropriate for SiNWs, while the isotropic one is suitable for por-Si layers. The 

Influence of doping procedure parameters

A description of the applied SOD doping procedure can be found in Sec. 2.1.2. The standard SOD doping procedure included the spin-coating of the commercial Borofilm (Emulsitone Chemicals, LLC) dopant solution and annealing by RTA for 15 s with a maximum temperature of about 950 0 C. The profiles of free charge carrier concentration along SiNWs were measured using the Raman spectroscopy, the laser spot diameter was about 2 µm and the wavelength was of 473 nm. In order to reduce the viscosity of the dopant solution, the latter can be dissolved in various solvents, such as ethanol, acetone, isopropanol. A decrease in the free charge carrier concentration in SiNWs obtained using the diluted SOD was observed compared to that for undiluted SOD (see Fig. 5.2). Then, the spincoating and pre-baking procedures were applied several times to SiNWs samples, followed by the same RTA annealing. As can be seen from the figure, initially the free hole concentration in SiNWs increases with the number of spin-on deposition procedures, which is explained by the thicker SOD layer at SiNWs tips. After four depositions, subsequent SOD deposition does not change the resulting doping level in SiNWs, and the maximum free hole concentration in SiNWs, obtained using several deposits of diluted SOD, is well consistent with that in the case of a single deposition of undiluted SOD. This fact indicates that the diffusion of boron into SiNWs is limited by the boron concentration at SOD/Si interface during the annealing, which, for spin-coated SOD layers, is already maximal in the case of undiluted SOD and can not be significantly increased by additional spin-coating of SOD. Note, that the annealing temperature used was about T = 900 0 C. free hole concentration at big depth in SiNWs array are explained by the evaporation of deposited SOD during the annealing [START_REF] Nolan | Boron diffusion from a spin-on source during rapid thermal processing[END_REF] and by the increase in the amount of evaporated dopants with the thickness of SOD layer. The increase in the free hole concentration at SiNWs tips (z = 0) in the case of thick SOD layer compared to the case of standard spin-coated SOD layer for the same annealing conditions can be explained by the higher boron concentration at SOD/ Si interface during the annealing due to significantly higher amount of dopants in thick SOD layer. The free hole concentration at SiNWs tips of about 3.5 * 10 20 cm -3 , obtained using thick SOD layer, seems to correspond to the boron solubility limit for the given annealing temperature (about 4 * 10 20 cm -3 at 1100 0 C [START_REF] Jones | Diffusion in silicon[END_REF]). Similarly to the case of short-time RTA annealing, the inhomogeneous doping profile is observed for SiNWs after spin-coating of SOD, while the thick layer of SOD, deposited without spincoating procedure, results in more homogeneous doping profile. Also, the free hole concentration at tops of SiNWs is higher in the case of thick SOD layer than in the case of standard spin-coated SOD layer. The free hole concentration both at SiNWs tips and in the depth of SiNWs array is higher in the case of RTA annealing than in the case of the oven annealing.

Dilution of dopant solution

Thickness of dopant layer

Thus, Figs. 5.4 and 5.5 show, that the increase in the annealing time does not improve the doping profile in SiNWs. Moreover, more pronounced decrease in N with the depth of SiNWs array in the case of the oven heating can be associated with the slower increase in SiNWs temperature during the oven heating, that leads to the stronger formation of silicon oxide and silicon nitride on SiNWs surface during the annealing, which inhibit the boron diffusion in SiNWs. At that, the difference in the in-depth doping profiles of SiNWs arrays for RTA and oven annealing is not significant, and the free hole concentrations of more than 10 20 cm -3 are observed to the depth of 10 µm in both cases. The depth of highly-doped layer of SiNWs array, at which N > 2 * 10 19 cm -3 , can be estimated of about 18 µm in the case of thick SOD layers. The maximal free hole concentration in SiNWs, obtained using spin-coated SOD layers, is of about 1 * 10 20 cm -3 , and for thick SOD layers, obtained without spin-coating of SOD, it is of 5. In-depth doping of silicon nanowire arrays/ 5.2. Influence of SiNWs surface roughness on doping efficiency about 3.5 * 10 20 cm -3 . For the diluted SOD, a linear increase of the free hole concentration in SiNWs with the annealing temperature is observed. As it can be seen from the time temperature profiles for the RTA chamber, shown in Fig. 5.6 (b), the maximal temperature in the RTA chamber is maintained for t = 1 -3 s. Considering that the boron diffusivity in Si in the studied temperature range is of the order of D diff = 10 -15 cm 2 /s [START_REF] Jin | Modeling of electron mobility in gated silicon nanowires at room temperature: Surface roughness scattering, dielectric screening, and band nonparabolicity[END_REF], the radial thickness of the doped part of a nanowire, estimated as 2 √ D diff t, is of the order of 100 nm, which corresponds to SiNWs diameter. One can conclude that the resulting doping level in SiNWs is determined mainly by the maximum RTA temperature, and the time temperature profile for the RTA chamber can be not taken into account. The observed dependencies of N on maximal annealing temperature can be understood considering that boron diffusion in Si is influenced by temperature [START_REF] Jones | Diffusion in silicon[END_REF], boron concentration in SOD layer at SOD/Si interface, SiNWs surface silicon oxide layer and surface roughness [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF], and that it is limited by boron solubility limit [START_REF] Jones | Diffusion in silicon[END_REF].

Annealing time and temperature

It is important to note that the high temperature annealing of SiNWs at 900-1000 0 C did not influence their morphology and crystallinity (see Sec. 3.1.2).

Influence of SiNWs surface roughness on doping efficiency

The identical doping procedure, applied to different SiNWs samples, can lead to the free hole concentration in SiNWs in a range of N = 10 19 ÷ 10 20 cm -3 . To study the effect of the morphology of SiNWs on the resulting doping level of SiNWs, SiNWs with different surface roughness were fabricated by varying the concentrations of HF and H 2 O 2 . At first, we confirmed the absence of a systematic dependence of the efficiency of the doping on the diameter and length of nanowires for investigated SiNWs. Also, in order to exclude the strong influence of the oxide layer on SiNWs walls on the doping efficiency [START_REF] Sadhu | Controllable doping and wrap-around contacts to electrolessly etched silicon nanowire arrays[END_REF], we removed it in HF prior the doping procedure. Considering the above facts, one can assume the major effect of por-Si shell at the walls of SiNWs (surface roughness), which is formed during the MACE and can strongly prevent the diffusion of doping atoms into the core of SiNWs.

To study the por-Si shell of SiNWs one can use the photoluminescence (PL) spectroscopy. 

Conclusions to Chapter 5

Post-fabrication doping method for SiNWs arrays, which consists in the spin-coating of the spin-on dopant solution on tops of SiNWs and following annealing at about 950 0 C, leads to the strongly inhomogeneous doping profiles along SiNWs. While the high free hole concentration at tops of SiNWs about 2 * 10 20 cm -3 was observed, the depth of the homogeneously doped layer in the upper part of SiNWs array was estimated about 3 µm, and the doping level less than 2 * 10 19 cm -3 was observed at the depth of 6 µm. Dissolution of the dopant solution led to a slight increase in the depth of the homogeneously doped layer to 5 µm. The increase in the annealing temperature above 950 0 C and in the annealing time above 15 s did not lead to an increase in the free hole concentration in SiNWs, because the boron diffusion into SiNWs is limited by the boron concentration at SOD/Si interface and boron solubility limit, as well as to the enhancement of the doping level profile. The almost homogeneous in-depth doping profile in SiNWs arrays was obtained using the thick dopant layers, deposited on the top of SiNWs array without spin-coating, that was associated with the evaporation of the dopant layer during the annealing. In this case, the free hole concentration in SiNWs above 10 20 cm -3 was observed to the depth of 10 µm. The obtained results show that the SOD doping technique is useful to obtain homogeneously doped SiNWs arrays for nano-electronic, thermoelectric and sensor applications.

Chapter 6 Electrical and thermal transport in silicon nanowires

Thermoelectric applications require the materials to have good electrical and poor thermal transport (see Sec. 1.5). In this chapter we estimate the electrical and thermal conductivity of highly-doped SiNWs arrays to evaluate their potential as a thermoelectric material.

Electrical resistivity of SiNWs

The standard four-probe electrical resistivity measurements for individual SiNWs (see Sec. 1.4) are not suitable for SiNWs arrays. In this section the electrical resistivity of nanowires in SiNWs array is estimated using the profiles of the free hole concentration (see Chap. 5) and bulk c-Si mobility values for free charge carriers in SiNWs. The obtained results are compared with the results of direct two-probe electrical measurements for SiNWs arrays.

Estimation based on the free hole concentration

Numerous studies have shown that the free charge carrier mobility in moderately-and highlydoped SiNWs (N > 10 18 cm -3 ) with diameter more than 20 nm is the same as in bulk c-Si (see Sec. 1.4.3). A minor role of the surface scattering of charge carriers was explained by their small mean free path with respect to the nanowire diameter due to the impurity scattering.

Note, that at the same time the phonon transport along SiNWs is significantly suppressed by the surface scattering of phonons (see Sec. The average electrical conductivity of SiNWs can be obtained using the profiles of free hole concentration along SiNWs. For example, using the doping level profiles given in Fig. 

Two-probe electrical measurements

The values of the electrical resistivity of por-Si and SiNWs obtained using the optical methods can be verified by direct electrical measurements. Note, that the samples present nanostructured layers on c-Si substrate. The obtained results show that the values of the free hole concentration in SiNWs, obtained using the Raman spectroscopy, as well as the assumption of bulk-like electrical transport in SiNWs with diameter of 50-100 nm, are reasonable and can be used for the express-diagnostics of electrical properties of SiNWs arrays.

Thermal conductivity of SiNWs

This section describes the contactless characterization of thermal conductivity of SiNWs arrays by using the Raman spectroscopy. The method is based on solving the heat equation for SiNWs under photo-induced heating, where the latter is determined from the one-phonon Raman peak parameters. The thermal conductivity of low-and highly-doped SiNWs is compared and discussed in view of thermoelectric applications of SiNWs arrays. that the non-linear temperature dependence was reported both for spectral peak position and peak width for c-Si for a wide temperature range, and it was explained by a contribution of both cubic and quartic anharmonic terms of the c-Si vibrational Hamiltonian [START_REF] Balkanski | Anharmonic effects in light scattering due to optical phonons in silicon[END_REF]. For a smaller temperature range studied in this work, the above dependencies can be approximated by a line, and the linear approximation will be used further to determine the temperature of c-Si and SiNWs from the Raman peak parameters because of the simplicity. The linear fits are given by: The shift and broadening of the Raman peak for SiNWs with increasing laser intensity is observed, similar to that observed for oven heated c-Si (see Fig. 6.3). However, in the case of photoexcited SiNWs, the observed modification of the spectrum is related not solely to the photo-induced heating of SiNWs, but also to the mechanical stresses induced by the temperature gradient along SiNWs (see Sec. 3.2). The inset in Fig. 6.5 shows that the dependence of integrated Raman peak intensity for SiNWs on the laser intensity is linear. This fact implies that the thermal conductivity of SiNWs is constant in the studied range of photo-induced heating, and the linear heat equation can be used for thermal conductivity calculations. The decrease of the Raman tensor for c-Si with temperature, which could lead to the decrease in integrated Raman peak intensity for SiNWs, is negligible for the observed photo-induced heating. The set problem was solved by the finite element analysis method. For the calculations, instead of the infinite layer, the block of the size of 100*100 µm was used, which has the isotropic thermal conductivity coefficient equal to k eff . The size of the block was chosen to be much larger than temperature dissipation region, and the increase in the box size did not change the calculated temperature profile. Therefore, the influence of side borders of the box on the results of calculation can be excluded. The SiNWs sample used for simulations is illustrated in Fig. 6.7, where the color corresponds the calculated SiNWs temperature, with the scale bar in the right. As can be seen from the figure, the heating of SiNWs significantly differs from zero for r < 8 µm, which is much smaller than the box size.

Ω = 528.2 [cm -1 ] -0.025 [cm -1 /K] * T ; 2Γ = 1.9 [cm -1 ] + 0.0083 [cm -1 /K] * T ,
Another approach to determine the thermal conductivity coefficient of SiNWs is to use the one-dimensional heat equation. This approach is consequential for SiNWs arrays because their lateral thermal transport is strongly suppressed. For example, the lateral thermal conductivity of MACE-SiNWs array was estimated of 0.01-0.03 W/(m*K), close to air thermal conductivity of 0.025 W/(m*K), while the thermal conductivity along SiNWs was of 4-6 W/(m*K) [START_REF] Isaiev | Anisotropic heat conduction in silicon nanowire network revealed by raman scattering[END_REF].

Considering the similar boundary conditions for one-dimensional heat transport in SiNWs array along z-axis (see Eq. (6.1)), the photo-induced heating of SiNWs is given by: ∆T = I L L/k e f f . Fig. 6.8 shows the experimental dependence of SiNWs photo-induced heating on their length and its fit in the cases of 1D and 3D heat transport. In 1D case, the linear dependence of photo-induced heating on SiNWs length is observed, while in 3D case the heating approaches a 3). In our case, lower values of thermal conductivity are mainly related to the fact that an isotropic heat transport in SiNWs array was considered, and in order to precisely determine the thermal conductivity along SiNWs, the anisotropy of the heat transport in SiNWs array should be considered.

Thermal conductivity of low-and highly-doped SiNWs

The insets in Fig. 6.9 show the Raman spectra for initial and doped SiNWs with increasing laser power and their fits with the Fano resonance function, given by Eq. (4.13). Lorentzian peak for undoped SiNWs is described by Eq.(4.13) with q = ∞. As the laser power increases, the low-frequency shift and broadening of the Raman peak both for undoped and doped SiNWs are observed, as well as the decrease in the asymmetry of the Raman peak for doped SiNWs. The modification of the Raman peak with increasing laser power is explained by the photo-induced heating for both undoped and doped SiNWs. The effect of photoexcitation on the Raman peak parameters for undoped SiNWs was discussed in detail in the previous section. For doped SiNWs, the effect of photoexcitation on the Fano resonance should also be taken into account, which consists in the change in the electron and phonon concentration and electron-phonon interaction in SiNWs under photo-induced heating. The photogeneration of electron-hole pairs was neglected. The effect of photoexcitation on free charge carriers in SiNWs will be discussed below in more detail.

The broadening of the Raman peak (∆Γ) was calculated as the difference in half-width Γ for a given laser power and low laser power, which does not cause SiNWs heating. The Raman peak broadening values were used to calculate the heating of SiNWs using the temperature dependence of Raman peak width for c-Si (see Fig. 6.4 (b)). For undoped SiNWs, the Raman peak broadening is directly related to the photo-induced heating, because the width of the Raman peak for SiNWs does not depend on mechanical stresses in SiNWs (see Sec. 6.2.1).

For doped SiNWs, the determined heating can be systematically overestimated, because the broadening of the Raman peak with increasing temperature is related not only to the enhancement of phonon-phonon scattering, but also of phonon-electron and phonon-impurity scattering. cm -3 and is much weaker than the Fano effect for holes (see Sec. 4.3), and the photogeneration of e-h pairs would lead to the observation of Fano effect for holes. Since the Raman peak shape for low-doped SiNWs can be described by Lorentzian function (q = ∞) at all photoexcitation levels used, one can conclude that the concentration of e-h pairs in photoexcited SiNWs is less than 10 19 cm -3 , much lower than the doping level of doped SiNWs (∼ 10 19 cm -3 ). The decrease in the Raman peak asymmetry with increasing laser power for doped SiNWs can be explained by the change in relative probability of one-phonon and electron Raman scattering with temperature. Indeed, a linear decrease in 1/q with temperature was reported for oven-heated boron-doped c-Si with N = 1.4 * 10 20 cm -3 , studied under 708 nm excitation [START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF]. In our case, the free hole concentration in SiNWs is of N = 1.6 * 10 20 cm -3 and the laser wavelength is 632.8

nm. The slopes of the temperature dependence of 1/q, normalized to 1/q values at T = 300 The electrical resistivity of highly-doped SiNWs, obtained using the standard SOD doping procedure, is about 1 mΩ*cm at the top of SiNWs, and the average value along SiNWs is about 4 mΩ*cm. The average electrical resistivity of SiNWs, obtained using the SOD doping procedure with thick dopant layers, is about 1 mΩ*cm, that is essential for application of SiNWs in nano-electronic, thermoelectric and sensor devices. c) Evaluation of the potential of highly-doped MACE-SiNWs for thermoelectric applications

Highly-doped MACE-SiNWs, obtained using the standard SOD procedure, exhibit the electrical resistivity of about 4 mΩ*cm and thermal conductivity of about 1 W/(m*K) at room temperature.

One can estimate their thermoelectric potential, using the reported value of S = 0.24 mV/K for MACE-SiNWs with electrical resistivity of 1.7 mΩ*cm (see Sec. 1.5). Thus, the average ZT of nanowires in SiNWs array can be estimated of about 0.5.

One can take into account that (i) highly-doped SiNWs arrays with homogeneous doping level exhibit ρ = 1 mΩ*cm, (ii) more reasonable value of the thermal conductivity of 1.6 W/(m*K), measured by direct method for highly-doped individual SiNWs with ρ = 1.7 mΩ*cm. Thus, ZT of MACE-SiNWs arrays, additionally doped using the SOD doping procedure, lies in the range of 0.5 -1.7, that makes such SiNWs promising for thermoelectric applications.

General conclusions

In this work the electrical and thermal properties of SiNWs arrays, formed by metal-assisted chemical etching of low-doped crystalline silicon wafers followed by thermo-diffusional doping with p-and n-type impurities, were investigated in view of their thermometric applications, and the following main results were obtained:

1. Arrays of crystalline SiNWs with porosity of 75%, typical nanowire diameter of 100 nm and length of 10 µm, and initial concentration of boron impurities ∼ 10 15 cm -3 , were homogeneously doped with boron impurities to the level above 10 20 cm -3 for entire length of SiNWs, using the thermal diffusion of boron atoms. SiNWs, formed by metalassisted chemical etching of low p-type doped c-Si substrates with the electrical resistivity ∼ 10 Ω*cm, had bulk core/rough surface morphology and nearly uniform diameter along the nanowires. Post-fabrication doping of SiNWs was performed by using the thermal diffusion of boron (p-type) or phosphorus (n-type) impurities from commercial spin-on dopant solutions, and the doping levels in Si nanocrystals ∼ 10 20 cm -3 were obtained.

The doping procedure, which includes high-temperature annealing at about 1000 0 C does not influence the morphology and crystallinity of SiNWs. The observed high electrical and low thermal conductivity of highly-doped SiNWs arrays, which were fabricated using the simple and low-cost methods, shows that SiNWs arrays represent a promising material for thermoelectric applications.

Appendix A Derivation of Fresnel equations for an anisotropic medium

Let us consider the macroscopic Maxwell's equations [START_REF] Landau | Electrodynamics of continuous media[END_REF] and constitutive relations for a continuous medium:

D = εE; B = H, (6.2) 
where E is the electrical field, B is the magnetic field, D is the displacement field, H is the magnetizing field and ε is the tensor of dielectric constant of the medium. For an uniaxial anisotropic medium and the chosen coordinate set, Eqs. (6.2) take the following form, since z-axis coincides with the optical axis of crystal

D =      ε ⊥ ε ⊥ ε      E (6.3)
For the ordinary and extraordinary rays, one can obtain (i) the relations between the refraction index and dielectric constant:

n 2 o = ε ⊥ (6.4) n 2 z_e ε ⊥ + n 2 x_e + n 2 y_e ε = 1, (6.5) 
where n is determined by k = ωn/c, k is the light wave vector, ω is the light frequency, c is the speed of light in vacuum.

(ii) The ordinary wave is polarized perpendicular to the optical axis of the medium, and the extraordinary wave is polarized in plane of k and optical axis (xz-plane).

At reflection, the following relations for wave vectors of incident, reflected and transmitted waves can be obtained:

n x0 = n x1 = n x2 (6.6) 
n y0 = n y1 = n y2 (6.7)

n z2_o = ε ⊥ -n 2 x0
(6.8)

n z2_e = ε ⊥ - ε ⊥ ε n 2 x0 (6.9)
For the electromagnetic field, the continuity conditions for the components E x,y and H x,y are satisfied.

Therefore, in the considered case, the transmitted wave for the s-polarized incident wave represents an ordinary wave, and for p-polarized incident wave the transmitted wave is an extraordinary wave.

s-polarized incident wave

The continuity conditions for E y and H x :

E 0y + E 1y = E 2y (6.10)

H 0x + H 1y = H 2x (6.11) 
Considering that H = [nE], one obtains E 0 + E 1 = E 2 (6.12)

n z0 E 0n z0 E 1 = n z2 E 2 (6.13)

The electric field of the reflected and transmitted wave is The magnetic field of the reflected and transmitted wave is where

E 1 = n z0 -
H 1 = ε ⊥ cosθ -n
k zo = ω c ε ⊥ -n 2
Ge sin 2 θ (6.25)

k ze = ω c ε ⊥ - ε ⊥ ε n 2
Ge sin 2 θ . (6.26)
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  Fig. 1.1 illustrates the common fabrication techniques of SiNWs. They include different
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 11 Figure 1.1: SiNWs production steps for top-down and bottom-up approaches [1]

(a) 1

 1 step: Ag deposition. In this step, Si wafers are immersed in AgNO 3 -containing aqueous solution. Ag + ions from the solution are reduced at Si surface by taking electron from Si wafer and from Ag nanoparticles at Si surface. Thus, the thickness of the deposited Ag layer increases with the immersing time and electron concentration in Si wafer. Fig. 1.2 shows the illustration of the mechanism of the Ag deposition on a Si wafer.
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 121 Figure 1.2: Illustration of Ag deposition during the first step of MACE. Due to the facile Ag + /Ag reaction and ohmic interfacial electron exchange between silicon and silver, Ag nanoparticle dynamically reorganize to their lowest energy state [2].

Fig. 1 .

 1 Fig. 1.3 shows an illustration of the mechanism of Ag-assisted etching of Si wafer. Depending
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 13 Figure 1.3: Illustration of the etching mechanism of Si in HF and H 2 O 2 solution. Pathway I involves the direct reaction of H 2 O 2 with Si and is kinetically not favored. Pathway II is the preferred Si oxidation reaction, which involves Ag/Ag + , leading to nanowire formation. Pathway III shows the diffusion of holes from the Ag/Si interface, which leads to general porous silicon formation. HF is not shown in the diagram, but implied [2].

Fig. 1 .

 1 Fig. 1.4 shows the typical SEM image of SiNWs arrays fabricated by Ag-assisted etching of p-and n-type low-doped (100) c-Si substrates. Samples represent arrays of vertically aligned nanowires on a c-Si substrate with nearly uniform diameter along nanowires. The etching time for the samples was 2 h, and the length both for p-and n-type SiNWs is of about 20 µm. The insensitivity of MACE to the doping type of c-Si was previously reported (see Ref. [64] and

Figure 1 . 4 :

 14 Figure 1.4: SEM images of SiNWs arrays, fabricated by MACE of (a) p-type and (b) n-type c-Si (100) wafers with the specific resistivity of 0.2-1.0 Ω*cm Si(100) wafers [3].

Fig. 1 .

 1 [START_REF] Qu | Electrically conductive and optically active porous silicon nanowires[END_REF] shows SiNWs array with the length of about 10 µm, formed by Ag-assisted MACE on (100) p-type, 5-50 Ω*cm wafer. Porous silicon is formed at the bottom of SiNWs array and is presumed to cover the nanowires as well. At SiNWs/c-Si interface, the Ag nanoparticles can be seen. Several areas is devoid of Ag nanoparticles, which is explained by the loss of electronic contact between Ag nanopartcile and Si and consequent dissolution of Ag nanoparticle, which terminates nanowire formation in that area, and allows the

Figure 1 . 5 :

 15 Figure 1.5: SiNWs formed in the Ag/H 2 O 2 system. Porous silicon is seen at the base of the nanowires and is presumed to cover the nanowires as well. Areas where Ag nanoparticles are "missing" show terminated etching and a clear accumulation of porous silicon [2].

Fig. 1 .

 1 Fig. 1.6 shows cross-sectional and top-view images of high aspect ratio SiNWs arrays, fabricated by Ag-assisted MACE. The details of the MACE procedure are: at the first step Ag nanoparticles were deposited on Si surface in HF/AgNO 3 solution with AgNO 3 concentrations of 0.005 M or 0.01 M for 1 min, at the second step c-Si wafers were etched in the solution containing of 4.8 M HF and 0.3 M H 2 O 2 . The length of SiNWs are about 70 µm, and their diameter is ranged from 100 nm to 1 µm. As one can see, the SiNWs diameter increases with AgNO 3 concentration in the first step, which is explained by the different morphology of the deposited Ag layer.

Figure 1 . 6 :

 16 Figure 1.6: Cross-sectional and top-view SEM images of SiNWs arrays, fabricated by MACE of n-type c-Si (100) with ρ = 0.008 -0.2 Ω*cm in etchant solutions composed of 4.8 M HF and 0.3 M H 2 O 2 . AgNO 3 concentration for the deposition of Ag nanoparticles was of (a-b) 5 mM, (c-d) 10 mM. The scale bars in (a,c) and (b,d) are 20 and 10 µm. Adapted from [4].

Figure 1 . 7 :

 17 Figure 1.7: SEM and TEM images of SiNWs, fabricated by MACE with increasing concentration of H 2 O 2 . Substrates: n-type c-Si (100) with ρ = 0.008 -0.02 Ω*cm. HF concentration was of 4.8 M. H 2 O 2 concentration was of: (A-D) 0.1 M, (E-H) 0.15 M, (I-L) 0.2 M, (M-P) 0.3 M. The etching time for left-sided and right-sided images was of 30 and 60 min, respectively. The scale bars for SEM and TEM images is 10 µm and 60 nm, respectively [5].

Figure 1 . 8 :

 18 Figure 1.8: HRTEM and TEM (insets) images of MACE-SiNWs, fabricated on p-type c-Si wafers with the doping concentrations of (b) 10 14 , (c) 10 16 , and (d) 10 18 cm -3 . The scale bars for HRTEM and inset TEM images are 5 and 200 nm, respectively. Adapted from [6].

Fig. 1 .

 1 Fig. 1.7 shows the evolution of SiNWs morphology with increasing oxidant concentration in the etching solution. The etching solution contained of 4.8 M HF and 0.1-0.3 M H 2 O 2 . The increase in the porosity of SiNWs with H 2 O 2 concentration can be seen, which can be explained by the increase in the rate of Ag redeposition due to enhanced Ag oxidation by H 2 O 2 , as well

Figure 1 . 9 :

 19 Figure 1.9: (a) SEM image of MACE-SiNWs array. (b) TEM image of MACE-SiNWs. The surface roughness is clearly seen. The SAED pattern (inset) indicates that SiNWs are single crystalline all along the length. (c) HRTEM image of MACE-SiNWs. The roughness is evident at the interface between the crystalline Si core and the amorphous native oxide at the surface, and at undulations of the alternating light/dark thickness fringes near the edge. (d) HRTEM of VLS-SiNWs. Scale bars for a-d are 10 µm, 20 nm, 4 nm and 3 nm, respectively [7].

Figure 1 . 10 :

 110 Figure 1.10: Raman spectra of low-doped MACE-SiNWs at different excitation laser power. The inset shows the dependence of the Raman peak position on laser power [8].

Fig. 1 .

 1 Fig. 1.9 shows the TEM and electron diffraction images of MACE-SiNWs. The B-doped p-type (100) Si wafers were used, and the etching was performed in aqueous solution of 0.02M AgNO 3 and 5M HF at 50 0 C. Both the electron diffraction and HRTEM images of SiNWs show that SiNWs are single crystalline, they have a cubic diamond lattice, the same as the original c-Si wafers. The rough surface of MACE-SiNWs can be seen, in contrast to smooth surface of VLS-SiNWs, which is explained by the etching of SiNWs walls during the MACE procedure.

Figure 1 .

 1 Figure 1.11: a) Schematic illustration of the VLS growth mechanism [9]. (b) Tilted SEM view of a Cu-catalyzed VLS-grown SiNWs array [10]. Adapted from [9].

Fig. 1 .

 1 Fig. 1.11 shows a typical SEM image of SiNWs array grown by VLS technique. Highly ordered, vertically aligned and regular SiNWs can be seen. Fig. 1.9 shows a typical TEM image of individual SiNW. The epitaxial growth of SiNWs results in single crystalline structure,

Figure 1 . 12 :

 112 Figure 1.12: Schematic overview of silicon high pressure phases (red) and low pressure low energy allotropes that can potentially be stabilized at ambient conditions. Structures known to exist at ambient conditions are marked in blue. Theoretically proposed but not yet observed structures are shown in green. Violet denotes structures proposed for the still elusive Si-IX and Si-XIII phases [11].
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 114 Figure 1.14: Typical Raman spectra for lapped silicon wafer surfaces. (a) cub-Si at 521 cm -1and a-Si at ∼ 470 cm -1 and ∼ 150 cm -1 , (b) hex-Si at 508 cm -1 . Adapted from[START_REF] Gogotsi | Raman microspectroscopy study of processinginduced phase transformations and residual stress in silicon[END_REF].

Figure 1 .

 1 Figure 1.15: (a) Cross-section SEM micrograph of the VLS-grown p-doped SiNWs array. TEM micrographs of (b) tip and (c) base segment of an as-grown TMB-doped Si nanowire grown using SiCl 4 . Both images reveal a single crystalline Si core surrounded by a 1 nm thick native oxide shell. Diffraction pattern (inset) confirms that the [111] orientation of as-grown nanowire [14].

Fig. 1 .

 1 Fig. 1.16 shows a typical high-resolution TEM images of SiNWs before and after the ion implantation. Ion implantation was performed as shown in Fig. 1.16 (e). Initial SiNWs are single crystalline with an amorphous SiO x shell. After the ion implantation at a dose of 1 * 10 16

Figure 1 . 16 :

 116 Figure 1.16: Typical TEM images of SiNWs (a) before ion implantation, and after ion implantation with a dose of (b) 1 * 10 16 B + /cm 2 , (c) 5 * 10 15 B + /cm 2 , (d) 1 * 10 16 P + /cm 2 . The activation annealing of dopant atoms was performed at 900 0 C after implantation. The scale bar is 5 nm. (e) Illustration of ion implantation for SiNWs. (f) Depth profiles of B and P as estimated by simulation of transport of ions in matter [15].

Figure 1 .

 1 Figure 1.17: (a) Raman spectra of SiNWs, which show the Si optical phonon peak and B local vibrational peak, after B ion implantation with a dose of 1 * 10 16 B + /cm 2 and subsequent activation annealing. (b) Magnified image of (a). (c) Raman spectra of SiNWs after P ion implantation with a dose of 1 * 10 16 P + /cm 2 and subsequent activation annealing. (d) Raman spectrum of SiNWs before and after the ion implantation doping with P. Adapted from [15].

Fig. 1 .

 1 Fig.1.[START_REF] Trumbore | Solid solubilities of impurity elements in germanium and silicon[END_REF] shows the SIMS doping profiles in Si wafers obtained by SOD with RTA at 1060 0 C for different time. As can be seen from the figure, the diffusion profiles exhibit the strong decrease in the dopant concentration with depth. The doping depth can be estimated of about 0.2-0.4 µm for the annealing temperature about 1000 0 C[START_REF] Nolan | Boron diffusion from a spin-on source during rapid thermal processing[END_REF][START_REF] Teh | Diffusion profile of spin-on dopant in silicon substrate[END_REF]. Therefore, for SiNWs with a diameter of about 100 nm the SOD method can allow to obtain almost homogeneous cross-sectional doping from surface to core.

Figure 1 . 19 :

 119 Figure 1.19: SIMS profiles of boron in doped oxide and in the silicon substrate after RTA at 1060 0 C for: (a) 30 s, (b) 1 min, and (c) 3 min. The solid solubility of boron in silicon at the given temperature of 1.6 * 10 20 cm -3 [19] is shown as the dotted horizontal lines [20].

Figure 1 . 20 :

 120 Figure 1.20: High-resolution TEM micrographs of (a) undoped SiNWs and (b) doped SiNWs using the annealing at 950 0 C. The high magnification images show the nanowire section near the surface along with the surface oxide layer of 23 nm for the undoped SiNWs and somewhat thicker oxide layer of 5-6 nm after the doping. The < 111 > axis lies along the growth direction [21].

Fig. 1 . 22 Figure 1 . 21 :

 122121 Fig. 1.21 (upper part) shows the scattering rates for bulk Si with the electron concentration of 10 18 cm -3 as a function of phonon frequency at room temperature of 300 K. As one can see from the figure, the phonon scattering rates significantly increase with phonon frequency, thus the low-frequency phonons have the largest contribution to bulk Si thermal conductivity. Fig. 1.22

Figure 1 . 22 :

 122 Figure 1.22: Accumulated contributions to the thermal conductivity of the phonon modes in bulk c-Si with respect to their frequency at T = 300 K (solid line), 200 K (dashed line) and 100 K (dotted line). The results are obtained for lightly doped n-type silicon. Adapted from [23].

Fig. 1 .

 1 Fig. 1.23. In the case of purely specular boundary scattering (p = 1), the boundary scattering does not affect the thermal conductivity, and the modification of k l is due only to a change in the phonon group velocity. As one can see from the figure, the change in the phonon group velocity reduces the thermal conductivity of SiNW by 22% from 150 to 117 W/(m K).

Figure 1 . 23 :

 123 Figure 1.23: Lattice thermal conductivity of bulk Si and SiNW with D = 20 nm at room temperature as a function of specular phonon-boundary scattering fraction p. Adapted from [22].

Fig. 1 .

 1 Fig. 1.23 shows that the increase of fraction phonons, diffusely scattered at the boundary of SiNW, significantly reduces the thermal conductivity of SiNWs. In the case of purely diffusive scattering (p = 0) a further decrease in k l of SiNWs from 117 to 17 W/(m K) is observed, which

Figure 1 . 24 :

 124 Figure 1.24: Nanowire thermal conductivity vs diameter 6 nm < d < 500 nm. The experimental results (up triangles) of Li et al. (Ref. [24]) are compared to Monte-Carlo simulation data (squares) of Lacroix et al. (Ref. [25]), kinetic theory results (circles) of Chantrenne et al. (Ref.[START_REF] Chantrenne | An analytical model for the thermal conductivity of silicon nanostructures[END_REF]), molecular dynamic results (diamonds) of Volz and Lemonnier (Ref.[START_REF] Volz | Microscale thermophys. eng[END_REF]), kinetic theory+molecular dynamic results (stars) of Mingo (Ref.[START_REF] Mingo | Calculation of si nanowire thermal conductivity using complete phonon dispersion relations[END_REF]), and kinetic theory with modified dispersion curves (down triangles) of Zou and Balandin (Ref.[START_REF] Zou | Phonon heat conduction in a semiconductor nanowire[END_REF])[START_REF] Lacroix | Monte Carlo simulation of phonon confinement in silicon nanostructures: Application to the determination of the thermal conductivity of silicon nanowires[END_REF].

Fig. 1 .

 1 26 shows the temperature dependence of the thermal conductivity of SiNWs with different diameter in the low-temperature limit. Accordingly to Fig. 1.26, the low-temperature thermal conductivity for SiNWs can exhibit the T n dependence on the temperature, where n = 1...3 depending on

Figure 1 .

 1 Figure 1.25: Experimental (solid line) and theoretical (dashed line) dependencies of the thermal conductivity coefficient on temperature for bulk c-Si. Varoius dashed line correspond to the thermal conductivity values, obtained theoretically considering particular scattering mechanisms [29].

Figure 1 . 26 :

 126 Figure 1.26: Low temperature experimental data on the thermal conductivity of SiNWs with different diameter, grown by VLS technique. The T 3 , T 2 , and T 1 curves are shown for comparison [24].

Fig. 1 .

 1 Fig.1.[START_REF] Volz | Microscale thermophys. eng[END_REF] shows the thermal conductivity of p-type c-Si with different doping concentration as a function of temperature for T > 300 K. As can be seen from the figure, the samples with N < 5 * 10 18 cm -3 exhibit the close thermal conductivity coefficient in the studied temperature range. The highly doped sample with N = 8 * 10 19 cm -3 shows lower thermal conductivity in the temperature region of 300-500 K, which can be explained by the reinforced scattering of the phonons by the impurities[START_REF] Stranz | Thermoelectric properties of high-doped silicon from room temperature to 900 K[END_REF] and free charge carriers[START_REF] Mcconnell | Thermal conduction in silicon micro-and nanostructures[END_REF] in the highly doped Si. In the high-temperature region the thermal conductivity difference among the samples with different charge carrier concentration is slight due to the dominant effect of the phonon-phonon scattering,

Figure 1 . 27 :

 127 Figure 1.27: Thermal conductivities of p-type bulk c-Si samples with different doping concentrations as a function of temperature. Adapted from [30].

Fig. 1 .

 1 Fig. 1.28 (b) shows the thermal conductivity of individual MACE-SiNWs, having the bulk core/ rough surface morphology, before and after the post-fabrication doping. Highly-doped SiNWs (52 nm diameter, N ∼ 10 19 cm -3 , shown by green squares) etched from a 10 -1 Ω*cm

Figure 1 .

 1 Figure 1.28: (a) The temperature-dependent thermal conductivity of VLS-(black squares; reproduced from Ref. [24]) and MACE-SiNWs (red squares). (b) Temperature-dependent thermal conductivity of MACE-SiNWs etched from wafers of different resistivities: 10 Ω*cm (red squares), 10 -1 Ω*cm and doped post-synthesis to 10 -3 Ω*cm (green squares), and 10 -2Ω*cm (blue squares). For the purpose of comparison, the k of bulk amorphous silica is plotted with open squares. The highly doped MACE-SiNWs have a k approaching that of insulating glass, suggesting an extremely short phonon mean free path[START_REF] Hochbaum | Enhanced thermoelectric performance of rough silicon nanowires[END_REF].

Figure 1 .

 1 Figure 1.29: (a) Predicted effect of roughness rms on the thermal conductivity of 115 and 56 nm NW at T = 300 K, roughness autocorrelation length is of 6nm. (b) Effect of roughness rms on the dependence of NW thermal conductivity on equivalent circular diameter [31].

2 .

 2 figure, the additional roughness scattering explains the difference in the thermal conductivity coefficient between SiNWs, possessing the smooth and rough surface. The increase in ∆ from 3 Å to 3 nm leads to the thermal conductivity drop from 39 to 9 W/(m K) for 115 nm SiNWs and

Figure 1 . 30 :

 130 Figure 1.30: Resistivity as a function of the impurity concentration for bulk Si at 300 K. Ref. [32], adapted from [33].

Fig. 1 .

 1 Fig.1.31 shows the dependence of the electrical resistivity of c-Si with low, moderate and high doping on the temperature. For the moderate-and high-doped samples the free carrier concentration above T = 300 K can be considered constant due to full ionization of the dopant atoms in this temperature range. The increase in the resitstivity with the temperature for these samples is related to the decrease of the mobility due to the enhanced scattering rate of charge carriers on phonons. It was shown that at high temperatures, the mobilities of electrons and holes in c-Si are independent of impurity concentration[START_REF] Pearson | Electrical properties of pure silicon and silicon alloys containing boron and phosphorus[END_REF]. The mobility in this temperature range is determined by scattering by vibrations of the crystal lattice, and the contribution of impurity scattering is rather small. In this case, the temperature-dependent mobility for the medium-and high-doped bulk Si can be described by the formula µ e,h = k e,h T -3/2[START_REF] Pearson | Electrical properties of pure silicon and silicon alloys containing boron and phosphorus[END_REF]. The corresponding theoretical dependencies for resistivity are plotted by lines in Fig.1.31 and show the excellent agreement with the experimental data. The different values of k e,h for electrons

Figure 1 . 31 :

 131 Figure 1.31: Electrical resistivities of p-type bulk Si samples with different doping concentrations as a function of temperature. Adapted from [30].

Fig. 1 .

 1 Fig. 1.32 shows the calculated ratio of the average concentration of free electrons in SiNWs to the dopant concentration (N/N D ) as a function of the dopant concentration for different NW diameters, which takes into account both the effect of surface states and ionization energy change. Considering 80 nm SiNWs, one can see that N/N D ≈ 0.7 is maximal for N ∼ 10 18 cm -3 and decreases to ≈ 0.1 for N ∼ 10 20 cm -3 . For the dopant concentrations lower than the critical one (5 * 10 17 cm -3 ) a sharp decrease in N/N D down to 10 -6 is observed, which takes place when the nanowire changes from being partially depleted to being fully depleted. SiNWs with 20 < D < 80 nm exhibit the similar dependencies of N/N D on N D with the critical dopant concentration shifted towards higher dopant concentrations. SiNWs with D = 14 and 10 nm

Figure 1 .

 1 Figure 1.32: Ratio of the average electron concentration to the dopant concentration (N/N D ) as a function of the dopant concentration for various SiNWs diameters and the interface trap level density of 1012 eV -1 cm -2 . Dopant is P with a bulk ionization energy of 45 meV; T = 300 K. Adapted from[START_REF] Schmidt | Growth, Thermodynamics, and Electrical Properties of Silicon Nanowires[END_REF].
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 133 Figure 1.33: Calculated surface-roughness-limited (a), surface-roughness and Coulomb-limited (b), phonon-limited (c), and total (d) electron mobility as a function of the effective field ranging from 0.05 to 1 MV/cm and silicon body diameter ranging from 3 to 14 nm [35].

Fig. 1 .

 1 Fig. 1.33 shows the calculated electron mobility in silicon nanowires as a function of their diameter ranging from 3 to 14 nm and the effective electric field ranging from 0.05 to 1 MV/cm, where the different electron scattering processes are taken into account, i.e. (a) surface-roughness scattering, (b) surface-roughness and Coulomb-limited scattering, (c) phonon scattering and (d)

Fig. 1 .

 1 33 (d) the total mobility decreases monotonically with shrinking SiNWs diameter for E e f f = 0.05 MV/cm and shows a maxi-mum around d = 5 nm for E e f f = 1 MV/cm. The surface effects limited electron mobility (see Fig. 1.33 (b)), which was calculated taking into account only the electron surface scattering and Coulomb scattering by surface charges, shows the similar characteristics. Comparing pure surface-roughness and surface-roughness+Coulomb scattering limited electron mobility, one can notice the minor contribution of the Coulomb scattering due to the fixed interface charges on the electron mobility, compared with other scattering mechanisms, for the given interface charge density. Also, the phonon-limited electron mobility decreases almost monotonically with shrinking diameter and increasing effective field (see Fig. 1.33 (c)). The contribution of the surface-related electron scattering is the strongest

Figure 1 .

 1 Figure 1.34: (a) Low-field electron mobility as a function of temperature for 4-nm silicon nanowires with and without diamond coating. Dotted line shows electron mobility for pure bulk silicon. (b) Enhancement of low-field electron mobility for coated 4-nm silicon nanowires in comparison with the free-standing nanowire[36].

Fig. 1 .

 1 Fig. 1.35 (A) shows the results of current-voltage (I-V) characterization of SiNWs with the length of 40 µm, thickness of 50 nm and width of 80, 130 and 300 nm. SiNWs were fabricated by a top-down method on silicon-on-insulator substrate, using the electron beam lithography for the nanopatterning of SiNWs dimensions and the reactive ion etching. SiNWs was moderately doped with boron (B) by ion implantation (concentration of 5*10 18 cm -3 ), followed by rapid thermal

Figure 1 . 35 :

 135 Figure 1.35: Electrical characterization of silicon nanowires: (A) I-V characterstics of silicon nanowires (length of 40 µm, thickness of 50 nm, width of 80, 130, 300 nm) before (blue lines)and after (red lines) thermal annealing, the insets show the magnification view of the I-V curves for SiNWs before annealing; (B) (i) electrical conductance and (iii) electrical conductivity of silicon nanowires before and after the thermal annealing as a function of their width, (ii) ratio between the electrical conductances of SiNWs before and after the thermal annealing as a function of their width[START_REF] Park | Top-down fabricated silicon nanowire sensors for real-time chemical detection[END_REF].

Fig. 1 .

 1 Fig. 1.36 shows the I-V characteristics of n-and p-type SiNWs with diameter of 50 nm, obtained by using the 4-point measurement technique. SiNWs have been fabricated by top-down process, Phosphorus (P) and Boron (B) doping concentrations in SiNWs, obtained after the ion implantation, are of 1.0 * 10 20 cm -3 both for n-and p-type SiNWs. The I-V curves both for pand n-type are linear, and the electrical resistivity values are about 1.1 and 1.2 mΩ*cm for nand p-type SiNWs, correspondingly. The c-Si conductivity for the same impurity concentration is of 0.8 and 1.2 mΩ*cm for n-and p-type c-Si, correspondingly, which is close to the SiNWs values. This fact allows us to conclude no significant influence of SiWNs surface on free charge carrier mobility for investigated SiNWs. The close resistivity values for n-and p-type SiNWs

Figure 1 .

 1 Figure 1.36: Ohmic current to voltage characteristic of n-and p-type silicon nanowire with diameter of 50 nm. The extracted resistivity is of 1.1 and 1.2 mΩ*cm for n-and p-type silicon nanowires, correspondingly [38].

Figure 1 . 37 :

 137 Figure 1.37: Theoretical electrical conductivity of n-type silicon nanowires as a function of the nanowire width (triangular cross section), normalized with respect to the bulk electrical conductivity [39].

Fig. 1 .

 1 Fig. 1.37 shows the theoretical electrical conductivity for n-doped silicon nanowires, normal-

Figure 1 . 38 :

 138 Figure 1.38: Experimental dependence of electrical resistivity of SiNWs on their radius for different donor densities [40].

Fig. 1 .

 1 Fig. 1.38 shows the experimental dependence of the electrical resistivity of n-type (Phosphorus) doped SiNWs on the diameter for different donor concentrations. SiNWs were grown

Fig. 1 .

 1 Fig. 1.39 shows the resistivity of SiNWs as a function of the silane to dopant precursor ratio data during CVD synthesis, considering different precursors such as phosphine (PH 3 ), diborane (B 2 H 6 ), and trimethylborane (B(CH 3 ) 3 ). The figure shows that SiNWs resistivities as low as

Figure 1 . 40 :

 140 Figure 1.40: Illustrative plot of the dependence of Seebeck coefficient S, electrical conductivity σ , thermal conductivity k and thermoelectric figure of merit ZT on free charge carrier concentration in the materials [41].

. 14 )

 14 For the pure phonon or lattice vibration scattering of the charge carriers, s = 0. When the carriers are scattered primarily by charged impurities (ionized donors and acceptors), s = 2; the intermediate value s = 1 represents mixed scattering. The scattering of electrical carrier transport is represented mainly by two scattering mechanisms, namely, the acoustic phonon and ionized impurity scattering mechanisms. The scattering mechanism that affects electrical transport can be determined from the temperature dependence of carrier mobility. The acoustic phonon and ionized impurity scattering mechanisms result in T -3/2 and T 3/2 dependence of free charge carrier mobility, respectively[START_REF] Mishima | Enhancement of thermoelectric figure of merit through nanostructural control on intermetallic semiconductors toward high-temperature applications[END_REF].

Fig. 1 .

 1 Fig. 1.41 shows the Seebeck coefficient and calculated ZT values for n-and p-type c-Si with different free hole concentration (thermal and electrical conductivity of these samples is shown in Figs. 1.27 and 1.31). It can be seen that the absolute value of S decreases with the free charge carrier concentration in c-Si, that is in accordance with Eq. (1.12). S for highly-doped c-Si is almost independent of temperature, and it is about -0.4 and 0.3 mV/K for n-type (N = 1.4 * 10 19 cm -3 ) and p-type c-Si (N = 8 * 10 19 cm -3 ), correspondingly, at T = 350 K [30]. The observed experimental values of S for c-Si are in the good agreement with the theoretical ones, obtained from first principles calculations for c-Si with N = 1 * 10 19 cm -3 [42] and shown as the dashed line in Fig. 1.41 (a).

Figure 1 .Fig. 1 .

 11 Figure 1.41: (a) Seebeck coefficient of medium-and highly-doped p-and n-type c-Si as a function of temperature. Dashed lines show the results of the Seebeck coefficient calculation for n-and p-type c-Si with N = 1 * 10 19 cm -3 from Ref. [42]. (b) Calculated ZT values of medium-and highly-doped p-and n-type c-Si as a function of temperature [30].

Figure 1 . 42 :

 142 Figure 1.42: Seebeck coefficient (red dashed lines, refer to left scale, red units) and power factor (blue solid lines, refer to right scale, blue units) for electron-doped silicon in dependence on the doping level. The doping dependence of the electrical conductivity is given as a dashed-dotted line in arbitrary units. The maxima of the power factor are marked by black open circles [42].

Fig. 1 .

 1 Fig. 1.41 (b) shows the values of ZT for the same c-Si samples, as in Fig. 1.41 (a), ZT was calculated using Eq. (1). ZT of highly-doped c-Si samples exhibits an increase with temperature in the studied temperature range of 350-700 K. This fact can be attributed to the temperature decrease of thermal conductivity of c-Si due to the enhancement of the phonon scattering. At that, the electrical conductivity of highly-doped c-Si also decreases with temperature (see Sec.

1. 4 )

 4 , which leads to a decrease in ZT. The Seebeck coefficient of highly-doped c-Si is almost independent of temperature. Higher doping concentrations in both p-type and n-type c-Si lead to

Fig. 1 .

 1 Fig.1.[START_REF] Raya-Moreno | Thermal conductivity of hexagonal si and hexagonal si nanowires from first-principles[END_REF] shows the Seebeck voltage as a function of temperature difference for highly-doped nand p-type SiNWs. The dopant concentration in both n-and p-type SiNWs is of 1.0 * 10 20 cm -3 , the electrical resistivity is of 1.1 and 1.2 mΩ*cm for n-and p-type SiNWs, correspondingly[START_REF] Kim | Seebeck Coefficient Characterization of Highly Doped <I>n</I>-and <I>p</I>-Type Silicon Nanowires for Thermoelectric Device Applications Fabricated with Top-Down Approach[END_REF].The determined Seebeck coefficient is of -0.13 and 0.14 mV/K, and the corresponding power factor is of 1.46 and 1.66 mW•m -1 •K -2 for n-and p-type SiNWs, respectively. The size effects for electrical properties of investigated SiNWs can be neglected since their diameter is 50 nm (see Sec.1.4). Lower values of the Seebeck coefficient for SiNWs than for c-Si, shown in Fig.1.41 (a) can be attributed to higher doping levels of SiNWs.

Figure 1 . 43 :

 143 Figure 1.43: Seebeck voltage as a function of temperature difference. (a) Seebeck coefficient and power factor are of -0.13 mV/K and 1.46 mW•m -1 •K -2 , respectively for n-type SiNWs. (b)Seebeck coefficient and power factor are of 0.14 mV/K and 1.66 mW•m -1 •K -2 ), respectively for p-type SiNWs[START_REF] Kim | Seebeck Coefficient Characterization of Highly Doped <I>n</I>-and <I>p</I>-Type Silicon Nanowires for Thermoelectric Device Applications Fabricated with Top-Down Approach[END_REF].

Fig. 1 .

 1 Fig. 1.44 shows the power factor and ZT of individual SiNWs. SiNWs, which have p-type doping, diameter of 48 nm and electrical conductivity of 1.7 mΩ*cm, exhibit S = 0.24 mV/K and S 2 σ = 3.3 mW•m -1 •K -2 . The thermal conductivity coefficient of similar 52 nm doped

Figure 1 . 44 :

 144 Figure 1.44: Single SiNWs power factor (red squares) of 48 nm nanowire and calculated ZT (blue squares) using the measured k of 52 nm nanowire [7].

Figure 1 . 1 .

 11 Figure 1.45: (a) Thermal conductivity of bulk cub-Si (circles) and hex-Si (diamonds) as a function of temperature. (b) Thermal conductivity of cun-Si (black lines) and hex-Si (red lines) SiNWs as a function of their diameter at T = 200, 300 and 400 K. Insets: ratio of the thermal conductivity between hexagonal and cubic NWs [43].

  calculations predicted lower thermal conductivity and lower electron effective mass in hex-SiNWs compared to cub-SiNWs. VLS technique was adapted to synthesize hex-SiNWs, which were stable at the room temperature. Bulk cub-Si can undergo a phase transition into hex-Si under high pressures (> 11 GPa) at T = 300K with subsequent annealing above 470 K. The cubic-to-hexagonal crystalline lattice transformation was reported for Si nanoparticles under intense photoexcitation.e) Thermal properties of SiNWsThermal conductivity of SiNWs was shown to be 1-2 orders of magnitude lower than that of c-Si. The square root dependence of the thermal conductivity for SiNWs with smooth surface on their diameter was observed at room temperature. The optimum diameter of SiNWs for thermoelectricity is of 50-100 nm, it represents the minimum nanowire diameter, for which the electrical proprieties of SiNWs are not affected by the surface. The measured thermal conductivity (T = 300 K) for SiNWs with the smooth surface and diameter of 50 and 100 nm was of 20 and 40 W/(m*K), correspondingly, that was associated with the additional diffuse scattering of phonons at SiNWs surface. For c-Si, the thermal conductivity is of 150 W/(m*K).SiNWs with rough surface, fabricated by MACE, exhibit further decrease in thermal conductivity, compared to SiNWs with smooth surface, from ∼ 10 W/(m*K) to ∼ 1 W/(m*K). The thermal conductivity of SiNWs with rough surface (rms ≈ 3 nm) and diameter of 50 and 100 nm was of about 2 and 8 W/(m*K), respectively. An increase in the surface roughness rms was predicted to lead to a decrease in SiNWs thermal conductivity. The high doping (boron) level (≈ 10 19 cm -3 ) was shown to reduce the thermal conductivity of SiNWs with diameter of 50 nm from 2 to 1.6 W/(m*K). Similarly to c-Si, this fact was explained by the effect of phonon-impurity scattering. The ratio between the thermal conductivity for SiNWs and c-Si with similar doping level was of 0.013. The electron contribution to the thermal conductivity for highly-doped SiNWs with N ∼ 10 19 cm -3 was estimated of about 0.4 W/(m*K).The low values of thermal conductivity for highly-doped bulk core/rough surface SiNWs, fabricated by MACE, are close to that of amorphous silicon, which is crucial for thermoelectric applications of SiNWs in accordance with the concept of "phonon-glass electron-crystal". While the thermal properties of individual low-doped VLS-and MACE-SiNWs have been studied in detail, the thermal conductivity of arrays and individual highly-doped SiNWs has not been sufficiently investigated.

2 . 3 . 5 . 6 . 7 .Materials and methods 2 . 1

 2356721 Investigate the crystalline structure of SiNWs by means of Raman spectroscopy and examine the photoinduced lattice transformation in SiNWs from cubic diamond to hexagonal diamond Si. Develop the optical techniques, i.e. infrared and Raman spectroscopy, to monitor the free charge carriers in SiNWs. 4. Optimize the spin-on dopant post-fabrication doping technique for SiNWs arrays to obtain a homogeneous in-depth doping profile in SiNWs with N ∼ 10 20 cm -3 . Determine the electrical conductivity of highly-doped SiNWs by means of the optical and electrical measurements. Determine the thermal conductivity of low-and highly-doped SiNWs by using the Raman scattering spectroscopy. Evaluate the potential of highly-doped SiNWs arrays, fabricated by metal-assisted chemical etching, as a thermoelectric material. Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon Chapter 2 Fabrication of silicon nanowires 2.1.1 Metal-assisted chemical etching High aspect-ratio SiNWs were obtained by MACE of low and moderately boron (p-type) doped (100)-oriented c-Si wafers with the specific resistivity ranged from 50 to 0.1 Ω*cm. Macroporous Si samples were obtained by MACE of low phosphorus (n-type) doped (100)-oriented c-Si wafers with the specific resistivity of 1-10 Ω*cm. MACE procedure was implemented in two steps. At the first step, the c-Si substrates were immersed in an aqueous solution containing 5 -10 mM of AgNO 3 and 2.4 -4.8M HF for 25 sec. At the second step, the c-Si wafers with Ag nanoparticles were etched in an aqueous solution containing 4.8 -9.6M HF and 0.3 -0.9M H 2 O 2 for 5 -60 min. To remove residual Ag particles, the samples were dipped in concentrated nitric acid, i.e. 65% HNO 3 , for 15 min and then they were rinsed in de-ionized water and dried in air. The diameter of SiNWs was controlled using the different concentration of AgNO 3 , and it was in the range from 50 to 300 nm. The length of SiNWs was varied from 4 to 27 µm by increasing the etching time from 5 to 60 min. To vary the surface roughness of SiNWs, the different concentrations of H 2 O 2 in the etching solution were used. The doping level in SiNWs was varied by post-fabrication doping.
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 12 Post-fabrication doping Post-fabrication doping of SiNWs was performed by the thermally activated diffusion of dopant atoms into SiNWs from the spin-on dopant (SOD) solutions. The applied SOD doping procedure consisted of the following steps: (a) Deposition of the spin-on dopant solution. A drop of about 0.1 ml of the SOD solution (Borofilm (p-type) or Phosphorofilm (n-type), Emulsitone Chemicals, LLC) was applied to the surface of SiNWs samples. Then the spin-coating of SOD at 3000 rpm for 30 s was performed to obtain the thin SOD layer on the surface of SiNWs samples. To obtain the thick SOD layer, the spin-coating step was avoided. (b) Post-spin baking at the temperatures of about 200 0 C for 10 min to remove excess solvent.

  on the sample surface by a combination of lenses and apertures. The sample chamber and the column are usually evacuated. The position of the electron beam on the sample is controlled by scan coils situated above the objective lens, which enables the electron beam to scan the surface of the sample and produce an image of a defined area of the sample[122].

[ 123 ]

 123 Backscattered electrons occur due to elastic collisions of electrons with atoms, which causes a change in the electrons trajectory. They originate from a wide region within the interaction volume. The number of the backscattered electrons reaching the detector increases with the atomic number of atoms of the sample under the beam. The dependence of the number of backscattered electrons on the atomic number is used to obtain information on the sample composition [124].

  Infrared (IR) spectroscopy is the vibrational technique for nanostructure characterization which consists in measuring the transmittance/reflectance spectra of samples in the IR range. IR absorption/reflection spectrum depends on the vibrational levels of the sample, IR light being absorbed due to excitation of these vibrations by electromagneitc wave. Conventional dispersive infrared spectrometers have been replaced by Fourier-transform infrared equipment, which incorporates a Michelson interferometer and presents a series of advantages over dispersive systems, such as an improvement of energy and the simultaneous measurement of the wide spectral range [127]. There exist different techniques for IR spectroscopy [128]. The classical one is the transmittance spectroscopy, in which the sample is placed in the beam path of the infrared spectrometer, and the transmitted light is analyzed in relation to the incident radiation. The spectra of the absorption coefficient of the sample are calculated from the transmittance spectra according to the Beer-Lambert law: α = -ln(I/I 0 )/d, where α is the absorption coefficient of the sample, I 0 and I are the intensities of the incident and transmitted light, correspondingly, d is the thickness of the sample. Another technique is the specular reflectance IR spectroscopy, which usesthe light falling at the sample at small angles of incidence to measure the reflectance spectra of a sample. This technique is especially important for opaque samples, where the classical transmittance technique can not be applied. Attenuated total reflectance (ATR) technique can be used as an alternative for the transmittance technique for opaque samples. In ATR mode, the IR beam is directed through and internal reflection element (e.g. Ge crystal) with a high index of refraction. The IR light is totally reflected internally of the back surface of Ge crystal, which is in contact with the sample. To observe the total reflectance, the sample refraction coefficient should fulfill the condition n < n Ge sinθ , where n is the refraction coefficient of the sample, n Ge

  tals, which exhibit strong PL compared to c-Si, induced by quantum confinement[134]. The blue-shift of the PL emission with decreasing the size of nanocrystals is used to characterize the nanocrystal diameter distribution in the system[134]. The PL emission peak for c-Si represents a peak at about 1.1 eV, while the PL peak for Si nanocrystals is centered in the range from 1.2 to 2.0 eV when nanocrystal diameter ranges from 6 to 2 nm, correspondingly[134]. In highly-doped c-Si and Si nanocrystals the non-radiative Auger recombination should be additionally taken into account[START_REF] Gilliland | Photoluminescence spectroscopy of crystalline semiconductors[END_REF].

  Id, where V is the measured voltage, I is the electric current though the sample, S is the cross-section area of the sample, d is the distance between the middle electrodes. When the probes are not point contacts, the most accurate estimation of d is the distance between the centers of electrodes rather than the closest distance between them. 4-point method can eliminate the effects of contact resistance between the sample and electrical contacts and therefore is more accurate than 2-probe method[135]. Chapter 3 Structural properties of silicon nanowires This section describes the fabrication of the arrays of high aspect ratio SiNWs with the diameter of about 100 nm and length ∼ 10 µm by Ag-assisted MACE. The morphology and crystallinity of SiNWs fabricated on c-Si substrates with different doping type and level is studied. The effect of the Ag redeposition during MACE on SiNWs morphology is emphasized. The morphology and crystallinity of SiNWs after the thermal annealing at about 1000 0 C during the post-fabrication doping is investigated.

Fig. 3 .

 3 Fig. 3.1 shows SEM images of SiNWs, fabricated on low-and moderately-doped c-Si wafers by MACE-II procedure, optimized for high aspect ratio SiNWs. Boron (p-type) doped, (100)oriented c-Si wafers with the specific resistivity of 40-50, 1-20 and 0.1-0.2 Ω*cm were used, and they will be denoted as p -, p and p + wafers. Accordingly to SEM images, the fabricated samples represent the arrays of vertically aligned nanowires with diameter of 50-100 nm, nearly uniform along nanowires, on c-Si substrate. The etching time was 30 min for all wafers, and the length of p --, pand p + -SiNWs is of 27, 25 and 21 µm, correspondingly. The decrease in the etching rate with increasing doping level of
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 31 Figure 3.1: Cross-sectional and top-view (insets) images of SiNWs (series B), fabricated on c-Si wafers with the specific resistivity of (a) 40-50 Ω*cm, (b) 1-20 Ω*cm and (c) 0.1-0.2 Ω*cm. Images (d,g) show the magnified view of (a); (e,h) show the magnified view of (b); (f,i) show the magnified view of (c). The scale bars for (a-c) are 10 µm, for the instes in (a-c) are 500 nm, for (d-i) are 2 µm.

Fig. 3 .

 3 Fig. 3.2 (a) shows the SEM image of SiNWs fabricated by MACE-I on low boron (p-type)

Figure 3 . 2 :

 32 Figure 3.2: (a) Cross-section SEM image of SiNWs (series A) with the length of 22 µm, (b) TEM image of an individual nanowire, (c) HRTEM image of a SiNW, (d) Fourier transform of the HRTEM image, shown in (c).
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 33 Figure 3.3: (a) Cross-sectional SEM image of initial SiNWs (SiNWs-A series) with the length of 15 µm (b) Cross-sectional SEM image of the same SiNWs after the additional doping with boron. The insets show the top-view images of the corresponding samples. (c) Normalized Raman spectra of SiNWs with different length and c-Si substrate. (d) Normalized Raman spectra of additionally boron-doped SiNWs with different length. The laser wavelength used for the Raman measurements was 632.8 nm.

Figure 3 . 4 :

 34 Figure 3.4: Top-view SEM image of a por-Si (series A) sample prepared for the etching time of 5 min, the inset shows a cross-sectional view of this sample.

Fig. 3 .

 3 Fig.3.4 shows SEM images of por-Si sample, fabricated by MACE-I of low phosphorus (n-type) doped, (100)-oriented c-Si wafers (specific resistivity of 1-10 Ω*cm, free electron concentration ∼ 10 15 cm -3 ). The formation of por-Si structure, instead of SiNWs under the described fabrication process can be explained by slower etching rate for n-type c-Si wafer than for p-type one and by Ag redeposition during the MACE process. One can see that the fabricated por-Si layer consists of Si nanostructures of varying porosity, which is maximal at the top of the sample and tends to zero at the depth ∼ 10 µm. The effective thickness of the samples (h) is varied from 5 to 20 µm when the etching time increases from 5 to 60 min. The characteristic size of residual Si regions (nanocrystallites) is of about 100 nm and larger, while the typical pore size is in the range 50-200 nm. Porosity of por-Si at the top of the samples was determined from the top-view SEM images, for all samples the estimated porosity is of 70 ± 10 %. Por-Si samples in this series are marked as por-Si-A.

Fig. 3 .

 3 Fig. 3.3 (a,b) shows typical SEM images of SiNWs samples before and after the additional doping, respectively. The standard spin-on doping technique was used, which included annealing of SiNWs at a temperature of about 950 0 C (for details, see Sec. 2.1.2). Comparison of SEM images before and after the additional doping shows no significant changes in the SiNWs morphology after the doping procedure. Fig. 3.3 (c,d) shows the one-phonon Raman spectra of SiNWs samples before and after the additional doping. The spectral shape for both samples
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 35 Figure 3.5: Normalized Raman spectra of low doped SiNWs (circles), obtained at excitation laser intensity of 0.015 (black), 7 (blue) and 15 kW/cm 2 (red). No observable laser-induced heating occurs at the laser intensity of 0.015 kW/cm 2 . Additional Raman peaks (B and C) appear at laser excitation intensities > 4 kW/cm 2 . The dashed lines visualize the peaks A, B, C after the deconvolution of the Raman spectra by Lorentzians. The solid lines correspond to the sum of the Lorentzian peaks and fit well the experimental data.

Fig. 3 .

 3 [START_REF] Weisse | Thermal conductivity in porous silicon nanowire arrays[END_REF] shows the simulated profile of ∆T along SiNWs under photoexcitation. The profiles were obtained by the finite element method, considering SiNWs as a homogeneous medium, heated at the top side by a heat flux with an area and intensity equal to that of the laser radiation, the SiNWs/c-Si interface was maintained at room temperature. The steady-state heat equation was solved in the threedimensional case, z-axis was directed along SiNWs with z = 0 at SiNWs/c-Si interface and z = 22 µm at SiNWs tips, which were heated by the heat flux. From the figure one can see the linear dependence of ∆T on z for z < 10 µm, while the strong temperature gradient is observed
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 36 Figure 3.6: Calculated heating profile along SiNWs for the laser excitation intensities of 4 and 10 kW/cm 2 , required for the LO-TO phonon splitting and hex-Si phase formation, respectively. The dashed lines show the linear ∆T ∼ z dependence.
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 37 Figure 3.7: (a) Raman spectra at the high laser intensity of 15 kW/cm 2 for SiNWs samples with the c-Si substrate at room temperature (upper spectrum) and heated to 450 K (bottom spectrum). (b) Dependence of the spectral position of the Raman peaks of SiNWs as a function of a distance between the c-Si substrate and the heated part of SiNWs. The dependence was measured both at low (15 W/cm 2 , black crosses) and high (15 kW/cm 2 ) laser intensity.
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 838 Figure 3.8: Spectral positions of the Raman peaks of SiNWs as function of laser intensity. Black and blue squares correspond to the Raman peaks A and B (stressed and heated cub-Si phase of SiNWs). Hexagons correspond to peak C (hex-Si phase of SiNWs).

Figure 3 . 9 :

 39 Figure 3.9: Relation between spectral position (Ω) and width (Γ) of the Raman peak A of cub-Si and SiNWs for the case of homogeneous thermal heating (blue squares and black circles, correspondingly) and of SiNWs under photoexcitation (red circles).

2 and 4 . 1

 41 GPa at the beginning and the end of Zone II.At a threshold laser intensity (beginning of Zone III), leading to a maximal thermally induced stresses, a structural relaxation in the overheated part of SiNWs occurs with a formation of the new hex-Si phase. The formed hex-Si phase is then maintained by a constant energy input due to a relatively high photoexcitation level. The formation of hex-Si phase is accompanied by a reduction of the overall mechanical stresses and, consequently, by a partial quenching of the splitting between LO and TO phonon modes. Further heating of SiNWs at laser intensities > 10 kW/cm 2 leads to a new round of the thermally induced mechanical stress enhancement in the cub-Si phase and subsequent splitting of the phonon modes, while the Raman peak of hex-Si phase shifts towards lower wavenumbers (end of Zone III). It is interesting to note that when the laser intensity decreases, the reverse transformation to the cub-Si phase is observed.

Figure 3 . 10 :

 310 Figure 3.10: Relative integrated intensity of the Raman peaks of SiNWs as a function of the laser intensity.

Fig. 3 .

 3 Fig. 3.10 shows the relative integrated intensity of the Raman peaks of SiNWs as a function of the laser intensity. The change in the relative intensity between LO and TO Raman peaks of c-Si with the laser intensity for I < 10 kW/cm 2 can be related to the increase in spectral distance between the peaks which leads to a change in the ratio of the number of phonons for LO and TO modes. The linear extrapolation exhibits the 2:1 ratio between LO and TO phonon intensities at I = 0, where no phonon splitting occurs, that corresponds to the two-fold degenerate TO mode in Si. The decrease in the relative contribution of peak C at I > 10 kW/cm 2 can be related to the redistribution of the light in SiNWs array due to the thermal heating of SiNWs under high photoexcitation.
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 33 Fig. 3.11 (a) shows photoluminescence (PL) spectra of SiNWs obtained at different photoexcitation levels. As one can see from the inset, a huge enhancement of the PL signal at excitation intensities > 10 kW/cm 2 is observed. The strong PL signal of the highly excited SiNWs correlates well with a formation of the hex-Si phase, related to the Raman peak C, as can be seen in Fig. 3.11 (b). On the contrary, when SiNWs are constituted only by cub-Si phase and exhibit only Raman peaks A and B (see Fig. 3.11 (b) at I < 10 kW/cm 2 ), no PL signal is detected.Therefore, the emergence of strong PL in SiNWs can not be related to the quantum confinement effects and can be explained by the direct electron transitions in the stressed hex-Si phase. At increase of the photoexcitation level from 12 to 15 kW/cm 2 , (i) the increase of PL intensities and (ii) the red-shift of PL maximum (60 meV) is observed. These facts can be explained by an increase in: (a) hex-Si volume, (b) temperature gradient induced mechanical stresses and (c) high concentration of photoexcited charge carriers. Indeed, all these reasons can lead to an enhanced probability of the direct electron transitions, as well as to reduction of the direct energy gap in hex-Si[START_REF] Cui | Band gap engineering of wurtzite silicon by uniaxial pressure[END_REF][START_REF] Rodichkina | Raman diagnostics of photoinduced heating of silicon nanowires prepared by metal-assisted chemical etching[END_REF]. Moreover, the spectral position of the PL maximum (Fig.3.11) 

Figure 3 .

 3 Figure 3.11: (a) Normalized PL spectra of SiNWs, obtained at the high laser excitation intensity (> 10 kW/cm 2 ). Arrows indicate the spectral position of PL maximum. The inset shows the dependence of the PL maximum intensity, divided to the laser intensity, on the laser intensity. Dashed line illustrates the threshold of hex-Si phase formation in SiNWs. (b) Normalized Raman spectra Raman of SiNWs obtained at the same point for different excitation laser intensities. Dashed lines show the Raman peaks A,B and C after deconvolution of the spectra by Lorentzians, solid lines correspond to the sum of the Lorentzian peaks. The correlation between the observed PL and peak C can be observed.
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 3 Conclusions to Chapter 3 a) Fabrication of SiNWs arrays by metal-assisted chemical etchingArrays of crystalline SiNWs with porosity of 75%, typical nanowire diameter of 100 nm and length of 4-27 µm, initial concentration of boron impurities ∼ 10 15 cm -3 were fabricated by metal-assisted chemical etching of low p-type doped c-Si substrates with the electrical resistivity ∼ 10 Ω*cm. SiNWs have bulk core/rough surface morphology, which is important for thermoelectric applications of SiNWs. For c-Si substrates with the electrical resistivity of ∼ 0.1 Ω*cm, the formation of por-Si layer at the top of SiNWs occurs, explained by both the Ag redeposition during the etching and high free hole concentration at Ag/Si interface. Postfabrication doping procedure, which includes the high-temperature annealing at about 1000 0 C, does not influence the morphology and crystallinity of SiNWs.b) Photo-induced formation of hexagonal diamond phase in SiNWsThe crystalline phase transition from cub-Si to hex-Si was observed in SiNWs, fabricated by MACE of low doped bulk cub-Si wafers, under laser excitation with an intensity of more than 10 kW/cm 2 and wavelength of 473 nm. Initially, SiNWs were shown to consist of only cub-Si phase and exhibit a single one-phonon Raman peak at 520.5 cm -1 at low photoexcitation. At high photoexcitation (> 10 kW/cm 2 ), the Raman peaks of SiNWs at about 517 and 510 cm -1 were attributed to singlet-doublet phonon splitting in the cub-Si phase under mechanical stresses, and the Raman peak at about 505 cm -1 was associated with the hex-Si phase. The crucial role of mechanical stresses, arising in SiNWs due to inhomogeneous photo-induced heating, was emphasized as the main reason provoking formation of hex-Si phase. The photo-induced formation of the hex-Si phase was additionally illustrated by the enhanced photoluminescence of SiNWs in the spectral range of 1.3 -1.6 eV at laser intensities above 10 kW/cm 2 , correlated with the appearance of Raman peak at about 505 cm -1 .
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 41 Figure 4.1: Illustration to the problem of calculating the reflectance from an anisotropic medium.Orange arrows show the chosen coordinate system. Light falls from the transparent medium (upper half-space, z < 0), while the sample is placed in the lower half-space (z > 0). z-axis coincides with the optical axis of the sample and is perpendicular to the sample surface. Red arrows illustrate the incident (0), reflected (1) and transmitted ordinary (o) and extraordinary (e) light waves.
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 11 where f A = p, f nc = (1p) are the volume fraction of air and Si nanocrystals in SiNWs array, correspondingly, p is the porosity of SiNWs array, ε A , ε Si are the dielectric constants of air and Si nanocrystals, correspondingly[START_REF] Schmidt | Anisotropic bruggeman effective medium approaches for slanted columnar thin films[END_REF]. In Eq. (4.11) for anisotropic uniaxial medium, one should consider L ⊥ = 1/2; L = 0. The generalized Bruggeman formula, given by Eq. (4.11), is also valid for an isotropic medium, such as por-Si, in this case L ⊥ = L = 1/3. The dielectric constant of Si nanocrystals can be described by the Drude model Eqs. (4.3)-(4.5).Overall, the model Eqs. (4.6)-(4.11), (4.3)-(4.5) describes the ATR spectra for SiNWs using the following parameters: porosity (p), plasma frequency (ω p ), bulk damping rate (g 0 ) and surface damping rate parameter (g 1 ). It is worth to note, that Eqs. (4.7)-(4.8) are valid both for anisotropic (SiNWs) and isotropic medium (por-Si), and the corresponding dielectric constants in both cases can be found using Eq. (4.11).

Fig. 4 .

 4 Fig. 4.2 (a) (solid lines) shows the calculated spectra of -ln(R AT R ) for highly p-type doped SiNWs and por-Si, obtained within anisotropic and isotropic models, correspondingly, by using Eqs. (4.6)-(4.11), (4.3)-(4.5). As can be seen from the figure, for the same parameters of Si nanocrystals, the ATR values for SiNWs are higher than for por-Si. This fact is related to the different dielectric constants of SiNWs and por-Si with the same parameters of Si nanocrystals, as it follows from Eq. (4.11). The ATR values for SiNWs for s-polarized incident light are about one order higher than for p-polarized one, and in the studied ATR geometry, are related to the ordinary and extraordinary ray in SiNWs, respectively (see Eqs.(4.7)-(4.8)). The big difference in R s and R p values in SiNWs is related to different absorption coefficient for ordinary and extraordinary rays in anisotropic medium and should be considered in ATR or specular reflectance measurements with polarized light.
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 42 Figure 4.2:(a) Calculated ATR spectra for s-polarized (dash-dotted line), p-polarized (dashed line) and non-polarized (blue solid line) incident light for the anisotropic medium (SiNWs), as well as for non-polarized light for the isotropic medium (por-Si, black solid line) (b) calculated spectra of the absorption coefficient for ordinary (dash-dotted line) and extraordinary (dashed line) ray for the anisotropic medium, as well as the absorption coefficient for the porous (por-Si, black solid line) and non-porous (c-Si, red solid line) isotropic medium. The sample parameters, used for calculations, are the same for SiNWs and por-Si: p = 0.75, ω p = 2000 cm -1 , g 0 = 500 cm -1 , g 1 = 1000 cm -1 , N = 1.6 * 10 19 cm -3 .
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 43 Figure 4.3: Calculated effective light penetration depth for s-polarized (dash-dotted line), ppolarized (dashed line) incident light for SiNWs and for natural incident light for doped (black solid line) and undoped (red solid line) por-Si.

Fig. 4 .

 4 Fig.[START_REF] Liu | Fabrication of bifacial wafer-scale silicon nanowire arrays with ultra-high aspect ratio through controllable metal-assisted chemical etching[END_REF].2 (b), that the spectra of α eff exhibit the ω -2 asymptotics at high wavenumbers. In the case of c-Si, this fact follows directly from the Drude model (see Eq. (4.3)). For SiNWs and por-Si, the same asymptotics is related to the fact that the light absorption of the effective medium is due to the free charge carriers in Si nanocrystals, which are described by Drude model. The spectra of -ln(R AT R ) exhibit the ω -3 asymptotics at high wavenumbers that is shown in Fig.4.2 (a). This asymptotics can be explained taking into account both the Drude model for Si nanocrystals and asymptotics of d eff ∼ ω -1 .
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 44 Figure 4.4: Spectra of specular reflectance for n-type (blue circles) and p-type (red circles) c-Si wafers. Lines show their fit using the Drude model (see Eqs.(4.1)-(4.5)).
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 45 Figure 4.5: Spectra of specular reflectance for low-and highly-doped c-Si wafers (black and red dotted lines, respectively), initial (black line) and doped (red line) macroporous Si samples, prepared for the etching time of 5 min.

Fig. 4 .

 4 Fig. 4.7 (a) shows the relative ATR spectra for doped por-Si and their fit accordingly to the model (4.1) -(4.5). As previously stated, theoretical values of attenuated total reflectance depend on three parameters: porosity of por-Si p, concentration of free carriers in nanocrystals N (or the plasma frequency ω p ) and parameter g 1 , describing the surface damping rate of free carriers. Porosity p = 70%, accordingly to our measurements. The other two parameters, ω p
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 46 Figure 4.6: ATR spectra for the initial (circles) and doped (lines) por-Si layers prepared for the etching time of 5 (blue), 20 (red) and 60 min (black).

Figure 4 . 7 :

 47 Figure 4.7: (a) Experimental (points) and theoretical (lines) spectra of -ln(R AT R ), where R AT R are the relative ATR values for additionally doped por-Si layers etched for different time. (b) Calculated spectra of the absorption coefficient (α) for the same por-Si layers.

Fig. 4 .

 4 Fig. 4.7 (b) shows the theoretical values of the absorption coefficient (α) in the IR range, calculated as α = 2ω c Im( √ ε PS ) by using the parameters from Table 1. The similarity of the line shapes between the spectra of ATR signal and absorption coefficient, shown in Fig. 4.7 (a) and Fig. 4.7 (b), correspondingly, implies that in our case d e f f is almost independent of ω, and it can be estimated of the order of 0.1 µm. The frequency-dependent damping described by Eq. (4.5) is
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 48 Figure 4.8: Absorption spectrum of por-Si layer (5 min etching) obtained from the ATR data (circles) and modeling results, where the fitting parameter ω p is varied (lines).

Figure 4 . 9 :

 49 Figure 4.9: (a) ATR spectra for powder of initial (close circles) and doped (open circles) por-Si. (b) Spectra of -ln(R AT R ) for powder of doped por-Si. Line corresponds to the fit of experimental spectra with the theoretical model assuming p = 0.9 and electron concentration of about 2 * 10 19 cm -3 .

Fig. 4 .

 4 Fig. 4.10 (black line) shows the measured spectrum of -ln(R AT R ) for highly-doped SiNWs (SiNWs-A series) and its fittings according to the effective medium model with various parameters, given by Eqs. (4.6)-(4.11), (4.3)-(4.5). It can be seen from the figure, that ∼ ω -3 dependence, which is typical for our model at high wavenumbers (see Fig. 4.2), can not approximate the experimental spectrum in this spectral range. This fact can be associated with the slight influence of the light scattering at high wavenumbers. Lower experimental values of -ln(R AT R )

Figure 4 . 10 :

 410 Figure 4.10: Spectrum of -ln(R AT R ) for highly-doped SiNWs with the length of 4 µm (black line) and its fitting using the anisotropic model with (magenta line) and without (black line) surface scattering of charge carriers, and isotropc model with (red line) and without (blue line) surface scattering of charge carriers. The inset shows the ATR spectra for this SiNWs sample before (red line) and after (black line) the additional doping.
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 411 Figure 4.11: Experimental spectra (points) and fitting (lines) of the ATR signal (-ln(R AT R )) for p-type SiNWs with different length. The fitting was done using Eqs. (4.6)-(4.11), (4.3)-(4.5) considering g 1 = 0.
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 44 Fig. 4.13 shows the Raman spectra for doped SiNWs measured at different excitation wavelengths and their fit with Eq. (4.13). The fitting parameters for Raman spectra of c-Si wafers, initial and doped SiNWs at different laser wavelength are presented in Table 4.3.Fig. 4.13 and Table 4.3 reveal the strong dependence of the Raman line shape for doped SiNWs
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 413 Figure 4.13: Raman spectra of highly doped SiNWs with the length of 8 µm for different laser wavelengths of 473, 514.5 and 632.8 nm. Solid lines are fits of the spectra according to Eq. (4.13).

Fig. 4 .

 4 Fig. 4.14 shows the Raman spectrum for the intermediately doped array of SiNWs with a length of 15 µm on a c-Si substrate, as well as for detached powder of the same SiNWs. It can be seen from the figure (upper spectrum, solid line), that a single Fano peak (Eq. (4.13)) can not fit the Raman spectrum for SiNWs array, which can be explained by the influence of the c-Si substrate. At the same time, the Raman spectrum for detached SiNWs is well fitted by a single Fano peak. Consequently, the Raman signal from doped nanowires represents a Fano resonance peak, while the Raman signal from c-Si substrate can be described by a Lorentzian peak. Fig. 4.14 (upper spectrum, dashed line) shows, that such two peaks approximate well the Raman spectrum for SiNWs/c-Si structure. The stronger Fano resonance for SiNWs arrays than for powders of detached SiNWs indicates the non-uniform doping profile along SiNWs with higher free hole concentration in upper layer of SiNWs array, that will be discussed in next sections. The absence of c-Si substrate peak in Raman spectra for SiNWs arrays with a distinct Fano resonance (see Fig. 4.13) is related to a high free hole concentration in these SiNWs, which results in low light penetration depth due to the strong free carrier absorption. One can use the relative intensity of a c-Si substrate peak to estimate the effective light penetration depth for SiNWs arrays (d eff ). In general, d eff is determined by the light scattering and the light absorption in SiNWs array. Considering the negligible influence of free charge carriers on the light penetration depth in SiNWs samples with a relatively strong c-Si substrate contribution, the light penetration depth in SiNWs arrays can be estimated from the formula
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 414 Figure 4.14: Raman spectra for SiNWs array on c-Si substrate (triangles) and detached SiNWs (circles). SiNWs length is of 15 µm. Solid lines represent fits of the spectra by Eq.(4.13). Contribution of c-Si substrate and fit of the total Raman spectrum of SiNWs on c-Si substrate are given by dash-dotted and dashed lines, correspondingly. The inset shows dependence of the relative integrated intensity of c-Si substrate peak in the total Raman spectrum for doped SiNWs on nanowire's length, solid line represents the fit of this dependence with Eq.(4.14). Laser wavelength is 632.8 nm.

Therefore, Eq. ( 4 . 15 )

 415 is correct in the certain range of carrier concentration, e.g. for p-type c-Si at T = 77 K it is valid in the range of N = 6 • 10 18 ÷ 1.6 • 10 20 cm -3 , while it can not be applied for N = 4 * 10 20 cm -3[START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF]. At T = 300 K, since the Fermi energy in p-type Si with the given N decreases with the temperature[START_REF] Grove | Physics and technology of[END_REF], Eq. (4.15) is expected to be valid for higher concentrations. Using the dependence of the Fermi energy on the hole concentration in p-type Si at T = 300 K[START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type si. i. acoustical modes[END_REF], one can see that µ = hΩ = 65 meV corresponds to N = 7 • 10 19 cm -3 , therefore we expect Eq. (4.15) to be valid for N of the order of 10 19 ÷ 10 20 cm -3 .

Fig. 4 .

 4 Fig. 4.15 (open points) shows the experimental dependence of the Fano peak half width on the free hole concentration for c-Si and its fit with Eq. (4.15). One can see from the figure, that Eq. (4.15) fits well the experimental data for the carrier concentration range of N = (0.7 ÷ 40) • 10 19 cm -3 . However, outside this range, especially at low hole concentrations, it can be invalid. In order to determine the free hole concentration in SiNWs, Raman spectra of SiNWs/c-Si structures were fitted by the Fano and Lorentzian peaks, corresponding to SiNWs and c-Si substrate, respectively (see Fig. 4.14). The half width of the Fano peak was used to determine the free hole concentration by Eq. (4.15), the obtained values for different SiNWs samples are

Figure 4 . 15 :

 415 Figure 4.15: Dependence of the Raman line half-width (Γ) on the free hole concentration for c-Si (open squares, circles and triangles) and SiNWs (blue triangles). Line is a fit by Eq.(4.15) with C 1 = -1.8 cm -1 and C 2 = 3.8.

Figure 4 . 16 :

 416 Figure 4.16: Profiles of the free charge carrier concentration in arrays of doped SiNWs (length of 10 µm). The doping was done using the standard spin-on dopant (solid circles) and 50% diluted one with acetone (open circles). The inset illustrates the Raman mapping technique.

Fig. 4 .

 4 Fig. 4.11 shows the experimental ATR spectra and their fit for p-type highly-doped SiNWs (SiNWs-A series) of different length. The free hole concentration in SiNWs was determined by fitting of the ATR spectra using the anisotropic effective medium approximation and Drude model for free charge carriers, modified to describe the additional scattering of free charge carriers by the surface of Si nanocrystals (see Sec. 4.1.3). Fig. 4.17 shows the one-phonon Raman spectra for the same SiNWs samples. The Raman spectra for SiNWs arrays on c-Si substrate were deconvoluted to the asymmetric Fano peak and Lorentzian peak, corresponding to the doped SiNWs and c-Si substrate, respectively, the excitation depth in SiNWs is estimated of about 10 µm for 632.8 nm excitation (see Sec. 4.2.1). The free hole concentration in SiNWs was determined using the dependence of half-width of the Fano peak on free hole concentration for c-Si (see Sec. 4.2.2).

Figure 4 . 17 :

 417 Figure 4.17: Normalized Raman spectra for SiNWs with different length (circles). Blue lines correspond to the Raman peaks for doped SiNWs (solid lines) and c-Si substrate (dash-dotted lines). Black lines show the total fit of the Raman spectra for SiNWs samples. Excitation wavelength is of 632.8 nm.

Fig. 4 .

 4 Fig. 4.18 (a) shows the ATR spectra of n-type doped SiNWs with different length (SiNWs-B series). The ATR spectra of n-type SiNWs are similar to those for p-type SiNWs, which demonstrates that the IR-ATR method is not sensitive to the type of free charge carriers in SiNWs. Accordingly to Eqs. (4.6)-(4.11), (4.3)-(4.5), the modeling of ATR spectra for n-and p-type

Figure 4 .

 4 Figure 4.18: (a) Experimental spectra (points) and fitting (lines) of the ATR signal (-ln(R AT R )) for n-type SiNWs with different length. The fitting was done using Eqs. (4.6)-(4.11), (4.3)-(4.5) considering g 1 = 0. (b) Normalized Raman spectra for highly-doped n-type SiNWs and of initial c-Si substrate.

Fig. 4 .

 4 Fig. 4.18 (b) shows the one-phonon Raman spectra for n-type highly-doped SiNWs and lowdoped c-Si substrate. It can be seen that n-type SiNWs exhibit a slightly asymmetric Fano-type

  estimated light penetration depth in highly-doped por-Si and SiNWs is of 0.1-1 µm. The free charge carrier concentrations in the p-and n-type doped Si nanocrystals of the top layer of por-Si and SiNWs of the order of 10 18 ÷ 10 20 cm -3 were measured. The error bars for the IR-ATR method are estimated of about 20 %. The obtained values of N for MACE-SiNWs can be underestimated, because the porosity at SiNWs tips in contact with ATR crystal is higher than the average porosity of SiNWs array.b) Raman scattering spectroscopy of p-type doped SiNWs arraysThe Raman scattering spectroscopy was applied to determine the free charge carrier concentration and in-depth doping level profiles in p-type doped SiNWs arrays. The strong modification of the one-phonon Raman line for SiNWs after the p-type doping was observed and explained by the Fano resonance between the one-phonon and electron Raman scattering. The free hole concentration in SiNWs was determined in the range of N = 10 19 ÷ 10 20 cm -3 , using the Fano peak half-width. The error bars of the Raman technique are about 10 %. The presented Raman technique is suitable for Si nanostructures of various morphology with the size of nanocrystallites more than 10 nm, for which the phonon confinement is negligible. The micro-Raman mapping was shown to be an efficient technique to determine the in-depth profiles of free hole concentration in SiNWs arrays. For n-type SiNWs, the free electron concentration in the range of N = 10 19 ÷ 10 20 cm -3 could not be precisely determined due to the weaker Fano effect, than for p-type SiNWs, and the Raman spectroscopy allowed us only to distinguish the high doping level above 5 * 10 19 cm -3 .c) Spin-on doping of SiNWs arraysInitial SiNWs arrays were fabricated by MACE of p-type c-Si substrates, had the porosity of about 75 %, typical nanowire diameter of 100 nm, length of 4-15 µm and initial free hole concentration of 10 14 ÷ 10 15 cm -3 . The standard spin-on doping procedure (see. Sec. 2.1.2) was found to be highly efficient for the post-fabrication doping of such SiNWs, and the high free hole concentrations of the order of 10 19 and 10 20 cm -3 were achieved for n-and p-type doping, correspondingly. The obtained doping levels in SiNWs are rather close to the optimal doping level of ≈ 10 21 cm -3 for thermoelectric applications (see Sec. 1.5). For p-type SiNWs, the observed maximum free hole concentration of about 2 * 10 20 cm -3 is close to the boron solubility limit of 4 * 10 20 cm -3 at the used annealing temperature (see Sec. 1.2.3). The lower effectiveness of the standard SOD doping procedure in the case of n-type doping was explained by the use of initial p-type SiNWs, and applying the SOD procedure several times, the free electron concentration in SiNWs of the order of 10 20 cm -3 were achieved. Therefore, to obtain more efficient n-type doping, initial n-type MACE-SiNWs should be used.Despite the high free charge carrier concentration at the top of SiNWs array, the in-depth profiles of the free charge carrier concentration in SiNWs array after the standard SOD procedure were strongly inhomogeneous. The inhomogeneous doping level along SiNWs arrays reduces their electrical conductivity. In this regard, Chapter 5 is devoted to the investigation of the SOD procedure parameters on in-depth profiles of doping level in SiNWs arrays.Chapter 5 In-depth doping of silicon nanowire arrays Post-fabrication doping of MACE-SiNWs arrays, which consists in the spin-coating of the commercial spin-on dopant solution on tops of SiNWs and following annealing at about 1000 0 C, leads to the strongly inhomogeneous in-depth profile of the doping level of SiNWs (see Chapter 4), that reduces the electrical conductivity of SiNWs. At that, the free charge carrier concentration in the upper part of SiNWs after the additional doping is of the order of 10 19 ÷ 10 20 cm -3 . In this section we investigate the influence of the parameters of the post-fabrication doping procedure, such as the dilution degree of spin-on dopant (SOD) solution, annealing time and temperature on the in-depth profiles of the free charge carrier concentration in SiNWs arrays, as well as the influence of SiNWs morphology on the doping efficiency.

Fig. 5 . 1 (

 51 Fig. 5.1 (black points) shows the in-depth profile of the free hole concentration in SiNWs arrays(SiNWs-C series) obtained using the standard SOD doping procedure. It can be seen from the figure, that the free hole concentration at SiNWs tips is of about 2 * 10 20 cm -3 , that is close to the boron solubility limit in Si at the annealing temperature (about 4 * 10 20 cm -3 at 1100 0 C[START_REF] Jones | Diffusion in silicon[END_REF]).

Figure 5 . 1 :

 51 Figure 5.1:In-depth profile of the free hole concentration in SiNWs array after the additional doping using the standard spin-on dopant (black points) and one, fourfold diluted with ethanol, applied to SiNWs four times before the annealing (red points). The RTA annealing for 15 s with a maximum temperature of about 950 0 C was used for both samples. The lines are to guide the eye, z is the depth coordinate with z = 0 at SiNWs top and z = L at SiNWs/c-Si interface.

Fig. 5 . 1 (

 51 red points) shows the free hole concentration profile for doped SiNWs, obtained using a fourfold diluted dopant solution and four spin-coating and pre-baking procedures. It can be seen from the figure, that the free hole concentration at the top of SiNWs is the same for undiluted and diluted SOD. The dissolution of the dopant solution slightly enhances the doping profile in SiNWs. For the diluted SOD, the depth of the doped layer is estimated of about 5 µm, while for the undiluted SOD it was of about 3 µm. At z > 8 µm, the free hole concentration is less than 2 * 10 19 cm -3 . Despite the lower viscosity of the diluted doping solution, the short solvent evaporation time seems to prevent the effective penetration of the doping solution deep into pores of SiNWs array.

Figure 5 . 2 :

 52 Figure 5.2: Free hole concentration in the top layer of SiNWs array for diluted SOD solution (acetone) as a function of the dissolution degree. The annealing temperature was about 900 0 C. The line is to guide the eye.

Figure 5 . 3 :Fig. 5 .

 535 Figure 5.3: Dependence of the free hole concentration for the top layer of SiNWs array on the number of spin-coating and pre-baking procedures. SOD fourfold diluted with acetone was used. The annealing temperature was about 900 0 C. The line is to guide the eye.

Fig. 5 .

 5 Fig. 5.4 shows the comparison of the doping profiles in SiNWs arrays, obtained using the standard (spin-coated) and thick layer of SOD and the short-time annealing (25 s, RTA) at about 1000 0 C. The thick layer of SOD was obtained by applying SOD to SiNWs without spin-coating procedure. It can be seen from the figure that the large thickness of SOD layer leads to a significant enhancement of the doping profile in SiNWs, and the free hole concentrations in SiNWs array more than 10 20 cm -3 are observed up to the depth of z = 10 µm. The high values of

Figure 5 . 5 :

 55 Figure 5.5: In-depth profile of the free hole concentration in SiNWs array after the additional doping using the thin (open circles) and thick (solid circles) layer of deposited spin-on dopant, obtained by using the spin-coating procedure and without it, correspondingly. The annealing was performed for 5 min using the oven at about 1000 0 C. The lines are to guide the eye.

Fig. 5 .

 5 Fig. 5.5 shows the comparison of the doping profiles in SiNWs arrays, obtained using standard and thick layer of SOD and long-time annealing (5 min) in an oven at about 1000 0 C.

Fig. 5 .

 5 Fig. 5.6 (a) shows the dependence of the free hole concentration at tops of SiNWs SiNWs after the doping on the maximal oven temperature during the RTA annealing. For the experiment, standard Borofilm solution and one, diluted three times with isopropanol, were used. The error bars are associated with both the determination of N from Raman spectra and averaging of N values between several sample points. One can see that the free hole concentration in SiNWs increases with the annealing temperature up to about T = 950 0 C (1223 K, RTA annealing time of 15 s), and for higher annealing temperatures it remains constant within the experimental error.

Figure 5 . 6 :

 56 Figure 5.6: (a) Free hole concentration for the top layer of SiNWs array as a function of maximal temperature in the RTA chamber for the standard SOD (black squares) and one diluted 3 times with isopropanol (blue squares). Blue line shows the linear fit of the corresponding dependence, black dashed line is to guide the eye. (b) Temperature in the RTA chamber as a function of time for the different annealing time.

Fig. 5 .

 5 Fig. 5.7 (a) shows the PL spectrum for non-doped SiNWs sample, here the PL signal corresponds to the por-Si layer on SiNWs walls, since the SiNWs core diameter (∼ 100 nm) is too large for the quantum confinement of electrons. The PL maximum at about 1.9 eV corresponds to the nanocrystal size of about 2 nm [134]. SiNWs samples with different por-Si layer thickness

Figure 5 . 7 :

 57 Figure 5.7: (a) Photoluminescence spectra of initial (red circles) and doped (blue) SiNWs, the line shows the Gauss fit of PL spectrum for doped SiNWs, (b) Dependence of the free hole concentration in doped SiNWs on the PL intensity of initial ones. The line is a guide for eye.

1 . 3 )

 13 . At that, the electrical conductivity of SiNWs with (N > 10 18 cm -3 ) and diameter of 20-70 nm was shown to differ from the bulk values for the same impurity concentrations due to the effect of donor deactivation in SiNWs and surface depletion of charge carriers due to interface states (see Sec. 1.4.2). In our case, both the IR-ATR and Raman spectroscopy techniques determine the free charge carrier concentration, and not the concentration of dopant atoms (see Sec. 4.3), so that the effects of donor deactivation and interface states in SiNWs can be not taken into account. Thus, the electrical conductivity of SiNWs with diameter more than 20 nm can be calculated using the bulk free charge carrier mobility as σ = eNµ, where N is the determined free charge carrier concentration, e is the electron charge and µ is the free charge carrier mobility in c-Si. The dependence of the c-Si resistivity on free charge carrier concentration is shown in Fig.1.30. The obtained values of the free charge carrier concentration for highly-doped p-type SiNWs are in the range of 0.5 -27 * 10 19 cm -3 (see Fig. 4.15), and the estimated electrical resistivity of SiNWs is in the range of 0.5-17 mΩ*cm. For n-type SiNWs, N is in the range of 0.5 -5 * 10 19 cm -3 (see Fig. 4.18), and the estimated electrical resistivity is in the range of 1.5-10 mΩ*cm.

Fig. 6 .

 6 Fig.6.1 (a,b) shows the results of measurements of the lateral electrical conductivity for por-Si by the two-probe and four-probe methods. Both figures show a significant decrease in the electrical resistance of por-Si layers after the additional doping. This fact can be attributed to the drop of the contact resistance between por-Si and electrodes after the doping, as well as to the decrease in por-Si resistivity. While these observed data clearly indicate the high doping level in doped por-Si samples, the electrical resistivity of por-Si can not be evaluated because of the geometry of the measurements (see Fig.6.1 (d)) and unknown substrate contribution. Note, that in the case of por-Si the electrical resistivity can not be directly evaluated from the free charge carrier concentration because of unknown free charge carrier mobility.

Fig. 6 .

 6 Fig. 6.1 (c) shows the dependence of the electrical resistance of por-Si layer on the distance between electrodes (d). In the configuration used, the measured resistance is R = 2R por-Si + R c-Si + R bar , where R por-Si is a vertical resistance of a por-Si layer, R c-Si is a resistance of c-Si

Figure 6 . 1 :

 61 Figure 6.1: (a) Electrical resistance of the initial and additionally doped samples versus thickness of the PS layer; (b) "specific resistivity" of the initial ad additionally doped PS/c-Si structures measured by the standard 4-probe setup versus thickness of the PS layer. (c) Dependence of the electrical resistance on the distance between electrodes (d) for 5µm sample. (d) Schematic illustration of the configuration used for electrical measurements.

Figure 6 . 2 :

 62 Figure 6.2: (a) Dependence of the electrical resistance on the distance between electrodes for doped SiNWs samples with length of 25 and 10 µm. Electrical contact area is of 2 and 1.4 mm 2 for 25 and 10 µm sample, correspondingly. The free hole concentration in both samples, determined using the Raman spectroscopy, is of about 1.6 * 10 20 cm -3 .
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 23 , one can obtain the average electrical resistivity of 4 mΩ*cm, which is close to the value of 5 mΩ*cm, obtained by electrical measurements. The difference in the values of the electrical resistivity of SiNWs, obtained using the electrical and optical measurements, is mainly related to the unknown real contact area between electrode and SiNWs and distance between electrode and c-Si, which can lead to the systematical error in the electrical measurements.

6. 2 . 1 Fig. 6 .

 216 Fig.6.3 shows the Raman spectra of low-doped c-Si wafer at different temperature from 300 to 900 K. One can see from the figure, that as the temperature of c-Si increases, its Raman peak shifts to lower phonon frequencies and broadens. The downshift of the phonon frequency of c-Si with temperature is explained by a thermal expansion of its lattice and, consequently, weakening of the interaction force between Si atoms. The increase in the peak width, which can be interpreted as phonon damping constant[START_REF] Balkanski | Anharmonic effects in light scattering due to optical phonons in silicon[END_REF], with temperature can be explained by the increase in the number of phonons in c-Si, which leads to the enhancement of the phonon-phonon scattering. The integrated intensity of the Raman peak for c-Si decreases with temperature. This fact was attributed to the decrease in the one-phonon Raman tensor for c-Si, which describes the

Figure 6 . 3 :

 63 Figure 6.3: Raman spectra of low doped c-Si wafer under oven heating at different temperatures.

Figure 6 . 4 :

 64 Figure 6.4: Dependence of the spectral position (a) and width (b) of the Raman peak for low doped c-Si on temperature. The red lines in (a,b) show the linear fit of the corresponding dependencies. The linear fits are given by: Ω = 528.2 [cm -1 ] -0.025 [cm -1 /K] * T ; Γ = 1.9 [cm -1 ] + 0.0083 [cm -1 /K] * T , where T is the absolute temperature given in [K].

  where Ω is the phonon frequency in c-Si, 2Γ is the spectral width, T is the absolute temperature. Note that to determine the temperature of c-Si, one can also use the ratio of the Raman Stokes/anti-Stokes peak intensities: I S /I AS = exp(hΩ/k B T ), where k B is the Boltzmann's constant. The latter equation directly follows from I S ∝ (N ph + 1) and I AS ∝ N ph , where N ph is a phonon mode occupation number at a given temperature.b) Photo-induced heating of SiNWs arraysIn order to determine the thermal conductivity of SiNWs using the Raman spectroscopy, one should: (a) determine the magnitude of photo-induced heating of SiNWs (∆T ) at different excitation laser intensities and (b) correlate the SiNWs heating and thermal conductivity coefficient using the appropriate modeling of thermal transport in SiNWs sample. Strong laser-induced heating of SiNWs should be avoided in order to exclude the variation of the thermal conductivity coefficient with temperature. For the temperature-independent thermal conductivity, a linear dependence of photo-induced heating of SiNWs on the laser intensity should be observed due to the linear heat conduction equation.

Fig. 6 .

 6 Fig.6.5 shows the one-phonon Raman spectra of SiNWs at different excitation laser intensity.

Figure 6 . 5 :

 65 Figure 6.5: Normalized Raman spectra for SiNWs at low laser intensities. The inset shows the dependence of integrated Raman peak intensity for SiNWs on the laser intensity.

Fig. 6 .

 6 Fig.6.[START_REF] Weisse | Thermal conductivity in porous silicon nanowire arrays[END_REF] shows the values of the photo-induced heating for SiNWs, determined from their Raman spectra (see Fig.6.5) using the temperature dependence of the c-Si Raman peak position (blue squares) and peak width (red squares). The heating of SiNWs determined from Γ is about 2.5 higher than the one determined from Ω. As it was mentioned above, the observed discrepancy is explained by an influence of an average compressive mechanical stress in SiNWs, caused by temperature gradient in photoexcited SiNWs. Both the hydrostatic and uniaxial compression are known to lead to the increase in phonon frequency Ω in c-Si, while tensile stresses lead to the decrease in Ω[START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF]. At that, no influence of uniaxial compression on the Raman peak width Γ for c-Si was reported[START_REF] Anastassakis | Piezo-raman measurements and anharmonic parameters in silicon and diamond[END_REF]. Therefore, more precise values of the photo-induced heating of SiNWs are obtained using the Raman peak width Γ, and commonly used Raman peak position Ω[START_REF] Périchon | Measurement of porous silicon thermal conductivity by micro-Raman scattering[END_REF][START_REF] Magidson | Fano-type interference in the raman spectrum of photoexcited si[END_REF] can lead to the underestimation of the SiNWs photo-induced heating. In order to determine the photo-induced heating of SiNWs from the intensity ratio of Stokes/ anti-Stokes Raman peaks for SiNWs, one can use the modified formula, I S /I AS = C exp(hΩ/k B T ), where the intensity coefficient C arises due to the different light scattering in SiNWs array for Stokes and anti-Stokes frequencies. For MACE-SiNWs, C was estimated to be about 12. The photoexcitation-induced mechanical stresses in SiNWs should not influence the I S /I AS ratio since the phonon occupation number does not directly depend on mechanical stress, and the change in I S /I AS due to the phonon frequency shift, caused by stress, is insignificant compared to that
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 66 Figure 6.6: Heating of SiNWs at the center of the laser spot, calculated from the Raman peak position (blue rectangles) and width (red rectangles) as a function of excitation laser intensity.

Figure 6 . 7 :

 67 Figure 6.7: Illustration of the theoretical model used for calculations of the temperature distribution in SiNWs. The color indicates the SiNWs temperature, accordingly to the scale on the right.

  constant value for L > 10 µm. One can observe that three-dimensional heat equation gives a much better qualitative description of the dependence of photo-induced SiNWs heating on their length. The reason can be that the thermal transport in individual SiNWs is strongly affected by the surface roughness scattering (see Sec. 1.3)) and can not be described by one-dimensional model.

Figure 6 . 8 :

 68 Figure 6.8: Experiment dependence (circles) of the photo-induced heating of SiNWs on their length. Lines show the fits of the experimental dependence, calculated assuming the threedimensional (black line) and one-dimensional (red line) heat transport in SiNWs array.

Figure 6 . 9 :

 69 Figure 6.9: Heating of SiNWs, determined from the broadening of the one-phonon Raman peak, as a function of the laser power for (a) initial and (b) doped SiNWs. Lines show the linear fits of the above dependencies. Insets: (points) Raman spectra of SiNWs at different laser power, (lines) fit of the Raman spectra with Fano resonance function. The free hole concentration in doped SiNWs is of 15.7 ± 0.7 cm -3 . Laser wavelength is 632.8 nm.

K

  , for c-Si and investigated SiNWs are of -1.4 * 10 -3 and -1.0 * 10 -3 1/K, correspondingly, which are close to each other. Since the free hole concentration in c-Si does not change with temperature because all the impurity atoms are activated, one can conclude no change in free hole concentration in highly-doped SiNWs under used photoexcitation.

Fig. 6 .

 6 Fig.[START_REF] Weisse | Thermal conductivity in porous silicon nanowire arrays[END_REF].9 (a,b) shows the photo-induced heating for low-and highly-doped SiNWs arrays,

Figure 6 . 10 :

 610 Figure 6.10: Effective thermal conductivity coefficient of SiNWs array as a function of the free hole concentration. SiNWs length is 10 and 25 µm. Lines show the least squares linear fit of the above dependence.

6. 3

 3 Conclusions to Chapter 6 a) Electrical resistivity of MACE-SiNWsThe electrical resistivity of SiNWs was determined using (i) the free hole concentration values, measured by the optical methods and (ii) two-probe electrical measurements of SiNWs arrays at different distances between the electrical contacts. To compare the results of both techniques, the average electrical resistivity of SiNWs using the doping level profile along nanowires was calculated. The obtained values are close to each other, which indicates that the free hole mobility in highly-doped SiNWs arrays is close to the corresponding bulk Si values for the given free hole concentration. The absence of the influence of SiNWs surface on the free hole mobility is explained by the high scattering rate of holes by impurity atoms, which limits the electron transport in SiNWs.

b)

  Thermal conductivity of MACE-SiNWsThermal conductivity of SiNWs array was determined by solving the heat equation, where the values of photo-induced heating were determined using the broadening of the one-phonon Raman peak. The thermal conductivity coefficient is of k NW ≈ 1.0 W/(m*K) for both low-and highly-doped SiNWs. This fact is important for thermoelectric applications of highly-doped SiNWs, because the doping does not increase the SiNWs thermal conductivity. Our analysis shows that the heat transport along SiNWs is strongly influenced by SiNWs surface and can not be described by one-dimensional heat equation. The same values of photo-induced heating observed for SiNWs with length more than 10 µm indicate that the temperature gradient in SiNWs exists up to the depth of about 10 µm, which represents the limiting length of nanowires in SiNWs arrays for thermoelectric devices.
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 2367 photo-induced heating observed for SiNWs with length more than 10 µm indicate that the temperature gradient in SiNWs exists up to the depth of about 10 µm, which represents the limiting length of nanowires in SiNWs arrays for thermoelectric devices.
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 2226232 If ε ⊥ = ε 2 , the formula for H 1 coincides with the corresponding formula for opaque isotropic medium.The reflectance coefficients are obtained asR s = |E 1 /E 0 | 2 and R p = |H 1 /H 0 | 2 .Finally, the reflectance coefficients R s,p can be expressed in the following way:R s = ω c n Ge cosθk zo ω c n Ge cosθ + k zo R p = ω c ε ⊥ cosθn Ge k ze ω c ε ⊥ cosθ + n Ge k ze

  

Table 1 .

 1 

	Method Diameter	Length	Morphology	Defects	Cost
	VLS	1 nm -1 µm 0.1 -100 µm	bulk core/ smooth surface	Metal contamination or twin fault	High
				bulk or porous core/		
	MACE 5 nm -1 µm 0.1 -100 µm	rough (Ag, Au) or	None	Low
				smooth (Au) surface		
	RIE	determined by template	0.1 -10 µm	bulk core/ surface defects	Surface defects	High

1: Different characteristics of SiNWs, fabricated by VLS, MACE and RIE methods. Adapted from [44].

Table 1 .

 1 

[START_REF] Misra | A review on plasma-assisted vls synthesis of silicon nanowires and radial junction solar cells[END_REF] 

shows the overview of advantages and drawbacks of common SiNWs fabrication techniques. It is important to note that SiNWs arrays, especially those fabricated using MACE, can represent non-one-dimensional structures, since SiNWs in the array can be interconnected.

  12 

Table 1 .

 1 2: Comparison of thermoelectric properties of metals, semiconductors and insulators at T = 300 K. Adapted from[START_REF] Wood | Materials for thermoelectric energy conversion[END_REF].

	Property	Metals	Semiconductors	Insulators

Table 2 .

 2 1: The parameters of MACE procedure used to obtain high aspect ratio SiNWs.

	MACE	[AgNO 3 ]	[HF]	[H 2 O 2 ]
		(mM)	(M)	(M)
	I	10	4.8	0.9
	II	5	9.6	0.3

Table 2 .

 2 high aspect ratio SiNWs[START_REF] Liu | Fabrication of bifacial wafer-scale silicon nanowire arrays with ultra-high aspect ratio through controllable metal-assisted chemical etching[END_REF]. To remove the surface silicon oxide from SiNWs walls after the MACE, samples were placed in an aqueous solution of [HF (48%) : C 2 H 5 OH] = 9:1 for 10 min.

1 shows the parameters of MACE procedures used for fabrication of SiNWs arrays. MACE-I is a common procedure used for SiNWs fabrication [119, 120], MACE-II was optimized to obtain

Table 2 .

 2 2: Investigated samples, their morphology and doping parameters. D is the diameter and L is the length of nanowires in SiNWs array, N is the free charge carrier concentration. MACE column refers to the MACE procedure from Table2.1, used for SiNWs fabrication.

	Sample Substrate	MACE	D	L	Dopants	N
		(100) c-Si,		(nm)	(µm)	(initial/	(10 19 cm -3 )
		ρ (Ω*cm)				doping)	after doping
	SiNWs-A	1-10	I	100-300	4; 8; 15; 22	B/ B	4.2-10.6
	SiNWs-B	1-10	I	100-300	4; 8; 15	B/ P	0.2-5
	SiNWs-C 40-50	II	50-100	10; 21; 25; 27	B/ B	1-30
	por-Si-A	1-10	I	100-1000	5; 15; 20	P/ P	1.3-3.4
	2.2 Characterization of silicon nanowires		
	2.2.1 Scanning electron microscopy		
	Scanning electron microscopy (SEM) is used to obtain images of SiNWs using a focused electron
	beam. The resolving power of the microscope is fundamentally limited by the wavelength of
	electrons or light used for illumination. While the visible light has wavelengths from 400 to
	700 nm, electrons have much shorter wavelengths (e.g. ∼ 10 -12 m at 30 keV), enabling better
	resolution. Practically, the resolution of SEM is limited to about 20 nm due to the objective lens
	system in electron microscopes [121].			

Structural properties of SiNWs were investigated by scanning and transmittance electron microscopy and by Raman spectroscopy. Electrical properties of SiNWs were investigated by infrared and Raman spectroscopy and by two-probe electrical measurements. Thermal properties of SiNWs were investigated by Raman spectroscopy. The main components of SEM microscope include source of electrons, column down which electrons travel with electromagnetic lenses, electron detector, sample chamber and computer to view the images. Electrons are produced at the top of the column, accelerated down and focused Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon

Table 4 .

 4 1: Sample parameters obtained from the experimental data and from the modeling of IR-ATR spectra for por-Si.

	Etching time Thickness	ω p	g 0	g 1	N N N
	(min)	(µm)	(cm -1 )	(cm -1 )	(cm -1 )	(10 19 cm -3 )
	5	5	3400	368	2400	3.4
	20	15	2400	312	2400	1.5
	60	20	2100	301	4700	1.3

Table 4 .

 4 3: Raman line shape parameters for c-Si wafers, initial and doped SiNWs (length of 8 µm) for different laser wavelengths, obtained by fitting the Raman spectra with Eq.(4.13) 

	λ (nm)	Γ (cm -1 )	q		Ω (cm -1 )	Ω max (cm -1 )
	c-Si	initial SiNWs	doped SiNWs	c-Si, initial SiNWs	doped SiNWs	c-Si, initial SiNWs	doped SiNWs	doped SiNWs
	632.8 1.6	1.5	10.2	∞	0.7	520.5	511.5	521.5
	514.5 1.8	1.9	9.6		2.0		512.8	516.1
	473.0 2.0	2.3	9.9		4.6		510.9	513.0

Table 4 .

 4 [START_REF] Liu | Fabrication of bifacial wafer-scale silicon nanowire arrays with ultra-high aspect ratio through controllable metal-assisted chemical etching[END_REF]. The same order of free hole concentration estimated according to IR-ATR and Raman measurements indicates that optical methods are well applicable for an express-diagnostics of the electrical properties of SiNWs. It can be seen from the table that the IR-ATR spectroscopy underestimates the values of N about 4 times in comparison with the Raman results. This difference can be associated with the porous morphology of the top of SiNWs (see Sec. 3.1.1). Since the SiNWs diameter is smaller at SiNWs tips, the actual porosity of SiNWs layer in contact with ATR crystal is higher than that measured by SEM. This result is particularly important for SiNWs, fabricated by Ag-assisted MACE, for which SiNWs with rough surface are usually obtained (see Sec. 1.1). SiNWs fabricated, for example, by Au-assisted MACE or reactive-ion etching usually exhibit no diameter variation along nanowires[START_REF] Dasgupta | Atomic layer deposition of platinum catalysts on nanowire surfaces for photoelectrochemical water reduction[END_REF][START_REF] Balasundaram | Porosity control in metal-assisted chemical etching Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon of degenerately doped silicon nanowires[END_REF],and the IR-ATR method should give more accurate results for such SiNWs arrays. The Raman scattering method in application to SiNWs does not have such a limitation, since the Raman peak for SiNWs with diameter more than 10 nm is independent of their shape and porosity of SiNWs array. Thus, for MACE-SiNWs the values of the free hole concentration obtained by the Raman spectroscopy method are more reliable. It is interesting to compare the values of N, obtained by IR-ATR technique assuming higher porosity at SiNWs tips (p = 0.9) and Raman technique. In such case, the value of N = 4.6 * 10 19 cm -3 for 4 µm SiNWs, obtained using IR-ATR method, is close to that obtained using Raman spectroscopy. The difference between the values of N determined using IR-ATR and Raman methods increases with the length of SiNWs, and for 15 µm SiNWs the values of N are of 4.6 * 10 19 cm -3 and N = 7.9 * 10 19 cm -3 for the IR-ATR and Raman methods, correspondingly. This fact is consistent with our explanation of the inaccuracy of the IR-ATR method due to porous tips of SiNWs, since the porosity of SiNWs tips increases during the etching.

Table 4 .

 4 4: Free charge carrier concentration in p-type SiNWs of different length obtained from the modeling of the IR-ATR spectra of SiNWs considering the anisotropic effective medium and g 1 = 0, as well as from the Raman spectra using the Fano peak half-width.

	Length (µm)	Porosity (from SEM)	N N N (10 19 cm -3 ) IR-ATR	N N N (10 19 cm -3 ) Raman
	4		1.4	4.2
	8	0.75	1.9	8.3
	15		1.2	7.9
	4.3.2 n-type SiNWs arrays		

  5.4, one can obtain, that the average electrical resistivity of SiNWs after the standard SOD doping procedure is of about 4 mΩ*cm. SOD doping procedure using thick dopant layer results in

average ρ of SiNWs of about 1 mΩ*cm. The electrical resistivity of SiNWs is quite low, and close values have been measured experimentally for individual SiNWs (see Sec. 1.4.2).

  The continuity conditions for H y and E x :

	E x0 + E x1 = E x2	(6.17)
	Considering that D = -[nH], one obtains			
	E x =	D x ε ⊥	=	n z H y ε ⊥	(6.18)
	and					
	H 0 + H 1 = H 2	(6.19)
	n z0 H 0 ε Ge	-	n z0 H 1 ε Ge	=	n z2 H 2 ε ⊥	(6.20)
			n z2 n z0 + n z2	E 0	(6.14)
	E 2 =	2n z0 E 0 n z0 + n z2	(6.15)
	-p-polarized incident wave					
	H y0 + H y1 = H y2	(6.16)

  z2 n Ge ε ⊥ cosθ + n z2 n Ge H 0 (6.21)

	H 2 =	2 n z0 ε Ge H 0 n z0 ε Ge + n z2
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Sofia Rodichkina/ Thesis in nanomaterials/ 2019/ Institut national des sciences appliquées de Lyon exhibit an asymmetrical line shape, which is typical for the Fano effect in p-type highly-doped c-Si [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF]. The Fano-type Raman line shape indicates the high doping level of SiNWs, and it is explained by a discrete-continuum interaction between the optical phonons and the Raman-active inter-valence band electron excitations [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Fano | Effect of configuration Interaction on intensities and phase shifts[END_REF]. Solid lines in Fig. 4.12 show that the Raman spectra of highly doped SiNWs can be well described by the Fano resonance function [START_REF] Fjeldly | Effects of free carriers on zone-center vibrational modes in heavily doped p-type Si. Optical Modes[END_REF][START_REF] Fano | Effect of configuration Interaction on intensities and phase shifts[END_REF]:

where ε = (ω -Ω)/Γ, ω is the Raman shift, q is the asymmetry parameter, Γ is the line width, Ω is the phonon wavenumber (or the phonon frequency) and C is an intensity coefficient. Note, that Lorentzian peak, observed for low doped c-Si and SiNWs, can also be described by Eq. (4.13)

with q = ∞. The fitting parameters for c-Si substrate, initial and doped SiNWs are listed in The data in Table 4.3 show a significant change in all parameters of the Raman peak of SiNWs after doping. The increase in the Raman peak half-width (Γ), usually interpreted as the phonon damping constant [START_REF] Balkanski | Anharmonic effects in light scattering due to optical phonons in silicon[END_REF], is related to the enhanced phonon damping in highly doped SiNWs due to the electron-phonon interaction. One can expect an increase in Γ with the free carrier concentration because of the reinforced electron-phonon interaction. The electron-phonon