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Resumé

Les métamatériaux infrarouges (IR) sont essentiels pour une variété d'applications, comme par exemple la détection du rayonnement infrarouge, la récupération et le contrôle de l'énergie thermique ou encore le refroidissement radiatif. Ils ont, à ce titre, suscité une attention considérable de la part des chercheurs au cours des deux dernières décennies(Fig. 1). Ils sont notament largement utilisés dans les détecteurs de gaz, l'interférométrie IR, la spectroscopie optique pour l'analyse chimique ou les nouveaux dispositifs de conversion et de gestion de l'énergie thermique tels que les convertisseurs thermo-photovoltaïques, les redresseurs thermiques radiatifs et les revêtements pour le refroidissement radiatif intelligents. Certaines de ces applications nécessitent des émetteurs sur une large bande de longueurs d'onde, tandis que d'autres nécessitent une émission spectrale sélective à bande étroite. Il existe un besoin critique pour le développement de dispositifs sélectifs en longueur d'onde qui soient à la fois spécifiques et économes en énergie. Étant donné que ces dispositifs sont censés fonctionner à des températures supérieures à la température ambiante, un deuxième paramètre crucial est la dépendance à la température des propriétés radiatives. Dans le chapitre 3, nous présentons une étude complète de la modélisation des propriétés radiatives des métasurfaces à base de Si. Nous commencons par présenter les différentes méthodes de modélisation des métasurfaces à base de Si utilisées pour les simulations de réflectance: RCWA, FEM, EMT, le principal paramètre de modélisation étant la permittivité diélectrique. Nous montrons à travers les simulations EMT que les spécificités morphologiques du BSi sont déterminantes pour comprendre sa grand absorption de la lumière à large bande. Au moyen de simulations FEM , nous montrons les dépendances sur l'absorption du BSi du dopage (Fig. 5), des paramètres morphologiques (Fig. 6)et de l'effet de l'angle d'incidence. Cette étude nous donne une bonne idée des règles de conception pour la fabrication d'un absorbeur en silicium, que ce soit pour de l'ultra-noir (absorbance totale proche de 100%) ou de l'ultra large vii 16 BSi shows interesting wetting and optical properties [START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF] . . . . . 1.17 BSi is a perfect absorber in the visible range [START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF], though the reflectance tends to increase in the upper part of visible spectrum. . 

INTRODUCTION

Context

Optics and photonics have become increasingly intertwined with our everyday lives and innovations, with numerous devices mostly based on semiconductor technologies, such as lasers, photodetectors and photonics circuits. The abovementioned examples rely on opto-electronic coupling.

Besides, other research directions relate to applications of light-matter interaction in the area of energy. A prime example for the case in point is the optical interchanges' role in the evolving data innovation insurgency, where a major limitation in upscaling the datacenters is due to heat dissipation considerations. On the other hand, many energy harvesting and thermal control applications, from thermophotovoltaics to spacecraft architecture and solar cells, rely on the capacity to control energy released from a material's surface, while keeping in mind that the total energy radiated by a blackbody is inextricably linked to its temperature, which varies as the fourth power, as indicated by the Stefan-Boltzmann (SB) law. Considering the low and intermediated temperature ranges (up to a few hundred °C) that apply for a vast majority of applications, this brings us in the infrared spectral range when discussing radiative properties. This fact, among others, contributes to the attracting vigorous research interest in the field that has grown over the years as seen in Fig. 1.1.

Notwithstanding, ordinary photonic frameworks are restricted, by diffraction, in their capacity to tune and control light on a subwavelength scale.

The capacity to control light in this scale is best when these subwavelength struc tures couple to light. In conductive nano-and microscale structures, resonant cooperation between photons and free-electron plasma has emerged as a potentially progressive innovation to effectively address numerous critical challenges in sensing, photonics, and on-chip interchanges.

The vast majority of plasmonic research has concentrated on the visible and near-infrared (NIR) wavelength ranges, where the strong confinement of localised surface plasmons (LSP) and surface plasmon polaritons (SPP) modes makes plasmonics a promising approach for a variety of nanophotonic
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applications [1,2], such as sensing and optical interconnects, as well as integration into solar cell technologies for clean energy applications. However, there are opportunities for plasmonics to make an impact at longer wave-lengths. The accepted spectral limits of the mid-infrared (MIR) wavelength range vary between disciplines and applications. Within the range of 1-25µm range, several sub-ranges are notable for a variety of technical applications. These are the midwave infrared (MWIR, 3-5 µm) [1],the long-wave infrared (LWIR, 8-12µm) and the very-longwave infrared (VLWIR, 12 -30 µm) [1].

The interest in MIR to far-infrared(FIR) optical sensing is due to the large number of molecules with fundamental vibrational absorption resonances in this wavelength range. These molecules are of significance for numerous medical, environmental, and industrial sensing applications. Each spectrum constitutes a unique spectral fingerprint for the molecule. For this reason, the mid-IR is often referred to as the 'molecular fingerprint' region of the optical spectrum as depicted in Fig. 1.2 The mid-IR also holds a spectral position with the unique ability to link an object's optical and thermal properties, providing the opportunity to use plasmonic structures for thermal emission/signature control applications [3]. The thermal emission coming about because of the finite temperature of any object takes the spectral shape given by Planck's law, modulated by the object's surface emissivity. Most materials have generally consistent emissivity as a component of wavelength, which enables thermal imaging frameworks to recognize the object's temperature notwithstanding the constrained spectral scope of the framework sensor. Nonetheless, by coordinating designed absorbers on an object's surface, one can change the emissivity of the surface as a function of wavelength, with the goal that when heated, the object specifically emits thermal radiation in favoured wavelength ranges. However, it is preferred that the absorption/emission be angle-independent, which makes the use of SPP-based devices difficult, as momentum-matching is required to couple these modes to free space photons (whose momentum depends on emission angle). Thus, most examples of spectrally selective thermal emitters [4] utilize some form of localized plasmonic metamaterial, or photonic crystal resonance. The ability of a substance to transmit radiation is one of its most significant properties. This property can be suitably examined beginning from the perfect blackbody whose radiation range, known as the Planck range, is uniquely characterized, if the absolute temperature is known. Unoxidised metal surfaces, for instance, can demonstrate an emittance as low as a few percent, though a residue layer can have an emittance of 99% [6]. Taking this into consideration, infrared thermal sources are therefore key elements for different sensing and energy harvesting applications. They are very widely used in gas sensing [7], infrared interferometry [8] including optical spectroscopy allowing chemical analysis [9] or for innovative thermal energy conversion and management devices such as thermo-photovoltaic converters [10], radiative thermal rectifiers [11] or smart radiative cooling coatings [12]. For some of these applications, wide band emitters are required (IR sources for micro-spectrometers for example) while others require narrow band selective spectral emission (specific gases sensors for example) and all of thesis sub-fields have attracted a lot of attention over last few years as is substantiated by Fig. 1.3. The quality of wavelength-selective emission is a key requirement to obtain specific, energy-efficient devices. The temperature dependence of the radiative properties is a second key parameter since the devices are expected to operate at temperatures much larger than room temperature [13].

For the fruitful development of a broadband/selective thermal emitter/absorbers for myriad applications therefore, one requires to determine the availability of relevant materials, their appropriate characterization, methodol- ogy, equipment at hand leading to the creation of a useful setup for conduction of experiments.

Among the viable materials for the construction of such devices, the sustained interest in silicon(Si) is not without reason, as it is currently one of the preferred materials used in the development of micro/nano electromechanical systems (MEMS and NEMS), due to its availability and to well-established fabrication processes and modelling techniques [14]. Other than silicon materials, some different semiconductors, for example indium gallium arsenide and germanium, are constantly utilized for NIR in business. Be that as it may, photodetectors give a few deficiencies, for example, costly material cost, enormous noise attributes, and poor incorporation with the current silicon-based electronic
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procedures. During these years, the researchers are continually giving themselves to finding proficient strategies to improve the responsivity of customary silicon materials [14,15]. The possibilities of tuned selective emission by heavily doped grated silicon(G-Si) has already been investigated numerically in a few works [17]. Several forms of micro/nano-textured silicon surfaces with near-zero reflectance have been demonstrated, such as periodic arranged silicon nanopillars patterned with softimprint lithography [18], high aspect-ratio(AR) periodic nanowires obtained by a specialized metal evaporation patterning technique [19] and maskless formation of randomly arranged silicon needle-like micro/nano-structures also known as black silicon (BSi) [20].

In contrast to lithography-based patterning techniques, BSi surfaces are the result of a self-patterning generation of disordered needle-like high AR subwavelength structures, obtained at special process conditions on non-masked silicon surfaces. The reflectance of BSi surfaces is reduced over a broad wavelength and angles of incidence range, and the surfaces appear black when directly observed. Due to the sub-micrometer size of BSi structures, they can only be observed with devices such as a scanning electron microscope (SEM). [21] The shape, dimensions and the spacing of these structures may vary according to
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the fabrication method used, which also has an effect on the reflectance behaviour at visible light wavelengths as previously demonstrated in simulations and measurements [22,23,24].

In the available literature, it has been observed that temperature dependent radiative optical properties have not been adequately explored in the infrared wavelength range and more so, the direct acquisition of emissivity of these silicon based materials has not been accomplished in the past.

It is in this context, lies the work of this thesis, whose objective has been primarily to investigate the radiative optical properties of silicon based metamaterials to ascertain their suitability for usage in the development of thermal radiation based sensors, efficient infrared sources, employable for various kinds of sensing or for distinct thermal radiation applications. The thesis seeks to fill a gap in the literature by focusing on significant material property extraction as well as metamaterial design, methods and means of characterizing them, and finally pushing the envelope into relatively uncharted research territory.

State of the Art

In this introductory Chapter, we review several aspects of silicon based metasurfaces for infrared applications by at first describing different metamaterials and then a detailed study obtained from a literature about different infrared metamaterials. We also describe the contributions that this thesis brings to the state of the art: a better understanding of micro/nano-structured Si and BSi surface morphology and topography, their absorption properties by electromagnetic simulations and experimental characterisation and insights into designing an effective silicon-based metamaterial for a motley of applications such as sensing, broadband absorbers, infrared emitters, in radiative cooling etc.

Metamaterials

Metamaterials [25,26](meta:beyond/after; material :matter/material) are artificial composite built structures engineered with the intention of harnessing material properties that do not exist in nature. They for the most part involve a 1.2 State of the Art variety of structures and are often assembled from individual elements considerably smaller than the working wavelength of the electromagnetic wave. Metamaterials infer their properties not from the properties of the base materials, but from their designed structures as seen in Fig. 1.7. These can associate with the electric and magnetic components of light in a way that common particles do not. Their exact shape, geometry, size, introduction and plan influences electromagnetic rushes of light to make material properties that are unachievable with traditional materials [27]. These designer materials are thus, an ideal platform for the investigation of novel emergent physical phenomena while also holding great promise for future applications. Metamaterials were not the first effective media to utilize artificial elements to achieve specific EM responses. In fact, as early as 1898, Jagadish Chandra Bose utilized twisted copper wires in a microwave experiment studying polarization [30], while researching substances with chiral properties and was perhaps the first to explore earliest structures that can be considered as metamaterials. Karl Ferdinand Lindman studied wave interaction with metallic helices as artificial chiral media in the early twentieth century. The notion of artificial dielectrics truly took off in the 1940's with work done at Bell Labs, specifically Kock's metallic delay lens [31] and continued throughout the century. Additionally, artificial magnetism, or magnetism achieved without magnetic components, has similarly timed origins and can be found in a classical antenna textbook [32].

EM WAVE

NATURAL MATERIAL METASURFACE STRUCTURE DEPENDENT

INTRODUCTION

The Metamaterial Concept Artificial plasmas, or artificially engineered media with negative permittivity have been known since the 1960's [33,34].

The advent of John Pendry's artificial magnetism in 1999 [35], however, is often regarded as the birth of metamaterials along with the seminal paper numerically studying the first structure with simultaneously negative permittivity( ) 1.2 State of the Art and negative permeability(µ). These papers ushered in a paradigm change that allowed artificial materials, later dubbed "metamaterials" by Walser [36], to acquire more exotic properties over a wider range of the electromagnetic spectrum, particularly at shorter wavelengths, than their predecessors. for creating negative-index metamaterials with artificial lumped-element loaded transmission lines in microstrip technology. In 2003, left handed meta-materials were used to exhibit complex (both real and imaginary parts of) negative refractive index [38,39] and imaging by flat lens [40](Fig. 1.8).Many groups have since undertaken tests involving negative refractive index by 2007 [41,42]. By 2007, experiments that involved negative refractive index had been conducted by many groups. In 2006, the first imperfect invisibility cloak was realized at microwave frequencies [31,43,44].

Metamaterial [26] properties are not only determined by their material parameters, shape, and concentration of the constituent inclusions and due to this increased complexity characterisation has become a science in itself. Effective parameters can be extracted from numerically simulated or experimentally measured reflection and transmission coefficients. Traditionally, these effective
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parameters are the phenomenological material parameters permittivity and permeability.Classification of metamaterials on the basis of teh values of permittivity and permeability have been illustrated in Fig. 1.7. In the case for natural materials these parameters give a good description of the behaviour, but metamaterials can not always be characterised this way. Many metamaterials need more parameters for their characterization and in general, the validity of material parameters is to be questioned. The traditional phenomenological material parameters permittivity and permeability are not fundamental physical constants, but they are engineering constants expressing an assumed proportionality. One of the future challenges for characterisation research is to establish the validity limits of material parameters and to develop means to properly describe media that are 'beyond limits' [26].

Metamaterials were first developed to realize fascinating properties such as negative refraction index [39,45,46] and cloaking [47,48]. Within the rapid progress in recent decades, the development of metamaterial research lies on diverse aspects that have been reported in some reviews, such as all-dielectric metamaterials [49], reconfigurable metamaterials, [50,51] flexible metamaterials [52], metadevices [53], graphene metamaterials, [54], tunable metamaterials [55], and metasurfaces [56]. Consequently, it has attracted a motley of publications as shown in Fig. 1.10. Almost all isotropic materials exist- 1.2 State of the Art ing in nature have positive values of permittivity and permeability more than unity. They thus are determined as double positive(DPS) materials [25]. Materials with negative µ or only are termed as SNG (single negative) materials and divided into two classes depending on negative effective parameter: ENG (epsilonnegative) and MNG (mu-negative) [25]. The most known natural ENG-material is the plasma, which dielectric constant is negative in a certain frequency range.

Typical -negative materials are metals since their dielectric constant is described as a function of frequency in the Drude model and below the plasma frequency of metal permittivity is negative. In MNG-materials, accordingly, permittivity is greater than zero and permeability is less. Some gyrotropic materials exhibit such characteristic in certain frequency range.Materials with simultaneously negative values of and µ doesn't exist in nature, so they are produced artificially. Over the last two decades the research and experiments with these materials and finding ways of application became a widespread. Such artificial media are named in different sources left-handed materials [57,58], double negative metamaterials (DNG) [59], backward wave media [60]. As indicated above, negative material constants lead to negative value of the refractive index of an electromagnetic wave passing through the media. Refracted beam disposed is not as usual, but in the "left" direction, symmetric relative to normal to the usual direction, as shown on Fig. 1.9(b). It proceeds from the fact that a wavevector and Poynting vector are parallel if the refractive index is positive and antiparallel if vice versa. Hence an incident beam to the interface between the conventional DPS-medium and DNG-material will be refracted to the same side it came from.

Thus, metamaterials have been classified into different categories as follows [25]:

• Electromagnetic Metamaterials [49].

-Negative Refractive Index [45] -Single Negative Metamaterials(SNG) [61] * Epsilon-Negative Materials(ENG) [62] 1. INTRODUCTION * Mu-Negative Materials(MNG) [62] -Double Negative Metamaterials(DNG)/ Left-Handed Materials [57,58] -Photonic Metamaterials [63] -Infrared Metamaterials [13] • Acoustic Metamaterials [64].

• Mechanical Metamaterials [65]. 

Infrared Metamaterials

Electromagnetic metamaterials are engineered composites that can behave better than their natural counterparts. In particular, they could potentially overcome the T 4 dependence of the Stefan-Boltzmann law [70], since the optical properties are obtained from the geometry of the constituent components, rather than directly from their chemical composition. Thermal radiation from a surface is reliant on its emissivity and kinetic temperature, and the radiation from emitters can be tuned by dynamically controlling the spectral emissivity, which in turn can be tailored via controlling the geometry of the metamaterial structures. A special case of interest is when the spectral emissivity equals 100% over the entire infrared range. In recent years, electromagnetic metamaterials have attracted great attentions [71,72,73,74,75,76] because their potential applications as absorbers in thermal emissivity [77], hyperlenses [78], radiative cooling [79], and miniature antennas [80], etc. In 2008, Landy et al. [27] first reported a perfect absorber based on metamaterials in the microwave range. Subsequently, perfect absorbers have been extensively researched and demonstrated in various frequency bands of the electromagnetic spectrum including microwave [81,82], terahertz [83,[START_REF] Francoeur | Electric and magnetic surface polariton mediated near-field radiative heat transfer between metamaterials made of silicon carbide particles[END_REF]85,86],

infrared [87,88,89], and visible regions [START_REF] Hu | Thermal rectification at silicon-amorphous polyethylene interface[END_REF][START_REF] Bahadori | Thermal rectification of integrated microheaters for microring resonators in silicon photonics platform[END_REF][START_REF] Dettori | Thermal rectification in silicon by a graded distribution of defects[END_REF][START_REF] Cartoixà | Thermal rectification by design in telescopic si nanowires[END_REF][START_REF] Ju | Thermal rectification and phonon scattering in asymmetric silicon nanoribbons[END_REF][START_REF] Criado-Sancho | Thermal rectification in inhomogeneous nanoporous si devices[END_REF]. These electromagentic metamaterials that have been employed in the infrared regime, is termed as infrared metamaterials. In addition to being classified by frequency, the metamaterial absorbers can be divided into broadband absorbers and narrowband absorbers depending on the absorption bandwidth [START_REF] Chakraborty | Thermal rectification optimization in nanoporous si using monte carlo simulations[END_REF][START_REF] Zhang | Radial thermal rectification in concentric silicon ring from ballistic to diffusive regime[END_REF]. However, for some applications, broadband absorbers are in urgent needs. For example, the broadband absorber at range from 8 to 13 µm has great application value because this wavelength range is exactly the infrared transparency window of the atmosphere. A study of all significant works from 2008-2017 on Metamaterial Perfect Absorber(MMPA) has been delineated in Fig. 1.11. Infrared metamaterials have been employed in literature as perfect absorbers [13,98,99,100,101,101,102,103] and absorbing coatings [104,[START_REF] Aksyutov | Temperature dependence of the optical constants of tungsten and gold[END_REF], frequency tunable near-IR metmaterials [106,[START_REF] De | Temperature and thickness dependence of the resistivity of thin polycrystalline aluminium, cobalt, nickel, palladium, silver and gold films[END_REF][START_REF] Veal | Optical properties of molybdenum. i. experiment and kramers-kronig analysis[END_REF], for infrared spectroscopy [START_REF] Ehrenreich | Optical properties of ag and cu[END_REF], for gas sensing [START_REF] Setién-Fernández | Spectral emissivity of copper and nickel in the mid-infrared range between 250 and 900 c[END_REF], selective emitters [START_REF] Esaki | Properties of thermally treated germanium[END_REF], plasmonic sensor [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF], for daytime radiative cooling [START_REF] Ng | Temperature-dependent reflectivity of silicon carbide[END_REF], for enhancement of thermal rectification [START_REF] Pitman | Optical properties and applications of silicon carbide in astrophysics[END_REF], as flexible infrared metamaterials for highly sensitive chemi-
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State of the Art

cal and biological sensing [START_REF] Harris | Thermal, structural, and optical properties of Cleartran® multispectral zinc sulfide[END_REF]116], as near-infrared metamaterials with dualband negative-index characteristics [117], as thermochromic infrared metamaterials [118], releasable metamaterials [119], for defence applications [120] etc. Miao et. al [121] explores doping resonaces in mid-IR eletrically tunable metamaterials and in [122], Jun et. al, presents infrared metamaterials based on depletion-type semiconductor devices. Jun et. al [123] tried to elucidate the active tuning of midinfrared metamaterials by electrical control of carrier densities whereas in [124],

Kante et. al attempts to find a design rule to engineer resonances in infrared metamaterials and Shelton et. al [125], investigated the effect of silicon dioxide on the resonant frequency of the infrared metamaterials.

To understand the complexities and the highly geometry dependent nature of the properties that the infrared metamaterials presents, numerical studies solely dedicated to analyse infrared metamaterials have also been an active area of research such as in the work of [126,127,128]. Following which, comes the issue of fabricating effective infrared metamaterials and the fabrication techniques [116,129,130,131] in novelty and to create new designs and composites of infrared metamaterials [132] have been also a prime area of research such as in the work of [133], where a different approach to nanosphere lithography was undertaken to fabricate these materials.

However majority of the work done pertaining to this sub-arena of research, near IR frequency bands have been covered [134,135,136,137] perhaps due to the prevailing difficulty of making a wide-band absorber or emitter, apart from a few notable exceptions such as [89,138,139,140,[START_REF] Cheng | Dynamically tunable broadband mid-infrared cross polarization converter based on graphene metamaterial[END_REF][START_REF] Dayal | Broadband infrared metamaterial absorber with visible transparency using ito as ground plane[END_REF], Among NIR metamaterials, in [128],near-infrared double negative metamaterials have been studied along withdual-band negative-index characteristics [117] and in [START_REF] Ou | An electromechanically reconfigurable plasmonic metamaterial operating in the near-infrared[END_REF], an electromechanically reconfigurable plasmonic metamaterial operating in the nearinfrared was introduced. In work of Liu et. al [START_REF] Liu | Dynamic manipulation of infrared radiation with mems metamaterials[END_REF], a dynamic manipulation of infrared radiation with MEMS metamaterials have been presented.

As seen in Fig. 1.12, the majority of infrared metamaterials have been employed for absorbers(see Table 1.2 for a summary of all non-si perfect metamaterial absorbers' radiative optical properties), followed by selective emitters
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and other sensing applications. Among the materials employed, metals are dominantly used along with semiconductors and a composite of several materials. In the geometrical considerations, conical nanostructured designs of infrared metamaterials seem to be the most employed along with nanowires, nano-pillars and other complex geometry. The spectral emissivity of silicon(Si), investigated as early as 1967 in the work of Sato et. al [START_REF] Satō | Spectral emissivity of silicon[END_REF] as seen in 1.13, gained more recently a renewed interest owing to the ability to produce nano/microscale surface structuration, which led to radically different properties from those of plain flat surfaces. Micro/Nano structured silicon exhibits a much higher absorptivity than flat silicon and hence, a much higher emissivity, by virtue of Kirchhoff's law. Nowadays, surface microscale/nano structuration of silicon [START_REF] Zhao | Optimized antireflection coatings for highefficiency silicon solar cells[END_REF][START_REF] Savin | Black silicon solar cells with interdigitated back-contacts achieve 22.1% efficiency[END_REF][START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF] is of prime intrigue for a variety of applications such as solar cells [START_REF] Savin | Black silicon solar cells with interdigitated back-contacts achieve 22.1% efficiency[END_REF][START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF][START_REF] Li | Carbon/silicon heterojunction solar cells: state of the art and prospects[END_REF], selective thermal emitters [START_REF] Calaza | A MEMS-based thermal infrared emitter for an integrated NDIR spectrometer[END_REF][START_REF] Liu | Wideband tunable omnidirectional infrared absorbers based on doped-silicon nanowire arrays[END_REF], radiative cooling, thermal rectification devices, photodetectors [START_REF] Su | High responsivity MSM black silicon photodetector[END_REF], and black body [START_REF] Elbahri | Plasmonic Metaparticles on a Blackbody Create Vivid Reflective Colors for Naked-Eye Environmental and Clinical Biodetection[END_REF] radiation sources [START_REF] Anwar | Black silicon-based infrared radiation source[END_REF][START_REF] Sabry | Structured silicon-based thermal emitter[END_REF] which require high emissivity [START_REF] Coppens | Spatial and temporal modulation of thermal emission[END_REF] materials. Gratings on silicon [17] has been an active area of research as it enables coupling of incident light with Surface Plasmon Polaritons(SPP) waves. With Flat Surfaces, direct coupling is impossible as plane wave gives: k parallel = λ/c but k plasmon <λ/c. Metals and doped Si are thus appropriate candidates in this case as they support SPP waves, leading to selective optical properties. As early as 1988, Auslender et. al [START_REF] Auslender | Magnetism of collectivized electrons in narrow energy bands[END_REF] developed a new implementation of coupled-wave approach that allowed to determine the anti-reflection in strong diffraction regime where wavelength is only slightly greater than the grating period. The study in the range intermediate between scalar theory and effective medium theory areas, though lacking simplified picture of the phenomena, has demonstrated real possibilities of designing various efficient grating -based components for IR: antireflector [START_REF] Escoubas | An antireflective silicon grating working in the resonance domain for the near infrared spectral region[END_REF], perfect dielectric, polarization independent spectral mirror as well as to give a quantitative description of strong reduction of IR transmission observed in Si grating-wafer structures [START_REF] Marquier | Coherent spontaneous emission of light by thermal sources[END_REF]. Hesketh et al [START_REF] Hesketh | Organ pipe radiant modes of periodic micromachined silicon surfaces[END_REF][START_REF] Hesketh | Polarized spectral emittance from periodic micromachined surfaces. i. doped silicon: the normal direction[END_REF] initiated a series of studies on the IR radiative properties of micromachined heavily doped silicon surfaces.

State of the Art

Both transverse electric (TE) and transverse magnetic (TM) waves exhibited high 1. INTRODUCTION emittance at several wavelengths [START_REF] Hesketh | Organ pipe radiant modes of periodic micromachined silicon surfaces[END_REF]. Heavily doped silicon is selected as the complex grating material because it is common in micro/nanofabrication and its optical constants vary with doping concentration. When the carrier concentration is high, silicon becomes conductive and can excite SPP to tailor radiative properties in the mid-IR [START_REF] Laroche | Tailoring silicon radiative properties[END_REF]. Note that simple gratings made of heavily doped silicon exhibit a high spectral emissivity peak insensitive to the angle of incidence when the dispersion curve is flat [START_REF] Laroche | Tailoring silicon radiative properties[END_REF]. By properly choosing the carrier concentration and geometry, silicon complex gratings have been shown theoretically in the work of Chen et. al [17] to exhibit a broadband absorptance peak, which is insensitive to the angle of incidence. Furthermore, the peak wavelength can be engineered either with the height of the ridges or the period. This type of absorptance peak comes from the excitation of SPP and is dominated by the first evanescent diffraction order. This study can also be extended to the design of wavelength-selective filters or emitters that are important for applications related to radiative energy conversion systems.

On the other hand, micro/nano-structuration [START_REF] Sun | Nanostructured silicon used for flexible and mobile electricity generation[END_REF]on silicon could allude to various geometries like pseudo-periodic cone shaped spikes [START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF][START_REF] Her | Microstructuring of silicon with femtosecond laser pulses[END_REF] or nanowires [START_REF] Her | Microstructuring of silicon with femtosecond laser pulses[END_REF] or lead to silicon-based metamaterials [START_REF] Liu | Wideband tunable omnidirectional infrared absorbers based on doped-silicon nanowire arrays[END_REF][START_REF] Akselrod | Metasurfaces: Large-Area Metasurface Perfect Absorbers from Visible to Near-Infrared[END_REF][START_REF] Hedayati | Design of a perfect black absorber at visible frequencies using plasmonic metamaterials[END_REF][START_REF] Malassis | Topological Darkness in Self-Assembled Plasmonic Metamaterials[END_REF][START_REF] Dolan | Metasurfaces Atop Metamaterials: Surface Morphology Induces Linear Dichroism in Gyroid Optical Metamaterials[END_REF] and for example referred in literature as, Black silicon (BSi) [START_REF] Savin | Black silicon solar cells with interdigitated back-contacts achieve 22.1% efficiency[END_REF][START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF]as seen in Fig. 1.15, silicon nano-wires (SiNWs) [START_REF] Her | Microstructuring of silicon with femtosecond laser pulses[END_REF][START_REF] Wang | A Silicon Nanowire as a Spectrally Tunable Light-Driven Nanomotor[END_REF][START_REF] Peng | Silicon nanowires for photovoltaic solar energy conversion[END_REF][START_REF] Fukata | Impurity doping in silicon nanowires[END_REF][START_REF] Ko | Periodically Diameter-Modulated Semiconductor Nanowires for Enhanced Optical Absorption[END_REF], or silicon nano-rods [START_REF] Liu | Black silicon: fabrication methods, properties and solar energy applications[END_REF] respectively.

In the case of periodic microstructures, further doping of silicon enables tailoring its thermal radiative properties [17] on account of plasmonic [START_REF] Valente | Nano-and Micro-Auxetic Plasmonic Materials[END_REF][START_REF] Kwon | A Plasmonic Platform with Disordered Array of Metal Nanoparticles for Three-Order Enhanced Upconversion Luminescence and Highly Sensitive Near-Infrared Photodetector[END_REF] effects exhibited by doped silicon [17] at lower plasma frequencies compared to metals, lying in the near-infrared range.

Heavily doped silicon [START_REF] Liu | High-Current-Density Vertical-Tunneling Transistors from Graphene/Highly Doped Silicon Heterostructures[END_REF] can be utilized to manufacture NS-Si for further upgrades in the absorptance particularly at longer wavelengths past the silicon absorption edge, where the NS-Si layer lessens the reflection of the incident radiation, and the exceptionally doped substrate dwelling beneath absorbs all the power prompting zero transmission [START_REF] Steglich | An ultra-black silicon absorber[END_REF]. Additionally, the high doping 1.2 State of the Art of silicon significantly affects its complex refractive index, where expanding the silicon doping makes the real part of the refractive index diminish. 

BSi: Previous Research and Applications

Nanostructured Silicon surface (NS-Si) surface that can be acquired by various strategies including cryogenic plasma [START_REF] Zhao | Optimized antireflection coatings for highefficiency silicon solar cells[END_REF] as considered in this work, shows interesting wetting (Fig1.16)and optical properties. Specifically, because of its particular morphology, it is notable for its fantastic absorption of nearly 99% of incident light [START_REF] Zhao | Optimized antireflection coatings for highefficiency silicon solar cells[END_REF] mainly in the visible wavelength range as seen in Fig. 1.17 and consequently its name is derived as it appears to the bare eye as seen in Fig. 1.15.

BSi has been studied since 1995, when the micro-structured silicon was fabricated by reactive ion etching (RIE) with high depth-to-width ratio [START_REF] Jansen | The black silicon method: a universal method for determining the parameter setting of a fluorine-based reactive ion etcher in deep silicon trench etching with profile control[END_REF]. In the presence of gas atmosphere, silicon with spiked surface has a strong light absorption due Figure 1.17: BSi is a perfect absorber in the visible range [START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF], though the reflectance tends to increase in the upper part of visible spectrum.

to the light-trapping effect: the surface turns deep black and covers with micronanospikes after laser irradiation process has been finished, hence namely black silicon [START_REF] Serpengüzel | Luminescence of black silicon[END_REF]. E. Mazur reported that silicon surfaces with arrays of sharp conical spikes and silicon nanoparticles possess higher absorptance in infrared wavelength range when irradiated with 500 femtosecond (fs) laser pulses in SF6 [START_REF] Her | Microstructuring of silicon with femtosecond laser pulses[END_REF]. This phenomenon was ascribed to the sulfur-doping effect in silicon [14]. It has been shown that the absorptance of BSi is improved inferable from the light-trapping impact of surface morphology and energy level of dopants [14].
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Compared with the other metamaterials available in literature [100,104,134], its almost 100% absorptance in the visible range is accounted for as seen in Fig. 1.18 and in Fig. 1.20(a). In the illuminating procedure, the parameters of laser pulse, including spot size, pulse number and thickness, and examining parameters are critical to the type of sharp cone-like micro-scale spike clusters in substrate surface. While the micro-structured surface enormously diminishes the reflection, the assimilation in the range from 1100 to 2500 nm is likewise improved because of the doping of chalcogen components. Both the energy levels of dopants and basic imperfections would make increasingly intermediate states to enhance the subbandgap absorption of silicon [14]. Be that as it may, the laser light will harm the BSi surface, bringing about idle electronic properties. Post-tempering treatment is regularly used to decrease and fix the damage of auxiliary deformities, which intends to improve the bearer portability without a clear change on silicon surface.

The toughening temperature and time ought to be controlled well in light of the fact that a low strengthening temperature would not lessen imperfection effectively versus a high-temperature strengthen would diminish the beneath bandgap retention of micro-structured silicon fundamentally [14]. C. Wu estimated the absorptance of crystalline silicon and BSi when strengthening appeared [START_REF] Wu | Near-unity below-band-gap absorption by microstructured silicon[END_REF]. Brian R. Tull and associates altered the boron-doped Si (100) wafers by pre-covering sulfur, selenium, and tellurium powders, individually, and afterward utilized fs laser to light silicon wafers to shape the supersaturated fixations [START_REF] Tull | The role of diffusion in broadband infrared absorption in chalcogen-doped silicon[END_REF]. It is realized that BSi doped with chalcogen shows high absorptance somewhere in the range of 1100 and 2500 nm. Brian R. Tull detailed that the high grouping of chalcogen dopants in the nanometer-sized grains of the polycrystalline surface layer brought about the high absorptance close to the infrared frequency range [START_REF] Tull | The role of diffusion in broadband infrared absorption in chalcogen-doped silicon[END_REF].

The outcome is attributed to the made by chalcogen components in the bandgap of silicon. They give this clarification by assuming a basic dissemination model: the lessening in absorptance relies upon the portion of dissolved dopants. After annealing, these dopants diffuse from the nanometer-sized grains to the grain limits of surface layer [START_REF] Tull | The role of diffusion in broadband infrared absorption in chalcogen-doped silicon[END_REF].

Contrasted with the customary silicon, the energy band structures of BSi has been changed, which is gainful to be utilized as photoluminescence. As BSi manufactured with fs lasers is secured with sharp cone shaped smaller scale spikes clusters, it tends to be utilized as field emitters further [14]. With high absorptance in visible and infrared frequencies, BSi can be utilized in obvious and infrared photodetectors, solar cells [START_REF] Oh | An 18.2%-efficient black-silicon solar cell achieved through control of carrier recombination in nanostructures[END_REF][START_REF] Yuan | Efficient black silicon solar cell with a density-graded nanoporous surface: Optical properties, performance limitations, and design rules[END_REF][START_REF] Yuan | Efficient black silicon solar cell with a density-graded nanoporous surface: Optical properties, performance limitations, and design rules[END_REF][START_REF] Yoo | Black silicon layer formation for application in solar cells[END_REF]etc. The one of a kind lighttrapping impact of miniaturized scale finished surface morphology enormously upgrades the obvious retention of silicon, making it very much utilized in Vis-NIR photodetection, just as solar cells. By utilizing fs laser without a destructive gas (under vacuum), M. Halbwax arranged smaller scale and nanostructured silicon for photovoltaic cells with various nanotexturization strategies [START_REF] Halbwax | Micro and nanostructuration of silicon by femtosecond laser: application to silicon photovoltaic cells fabrication[END_REF].

BSi can be utilized in conventional intersectional photodetector design.

With high absorptance in wideband optical range, BSi photodiodes with high responsivity have been acknowledged by a few research teams [START_REF] Wu | Near-unity below-band-gap absorption by microstructured silicon[END_REF][START_REF] Crouch | Infrared absorption by sulfur-doped silicon formed by femtosecond laser irradiation[END_REF][START_REF] Carey | Visible and nearinfrared responsivity of femtosecond-laser microstructured silicon photodiodes[END_REF]. That

BSi can be used for various Surface-Enhanced Raman Spectra (SERS) applications was first showed by Jorg Hubner, who manufactured an incorporated spectrometer by utilizing epoxy (SU-8) on BSi as Raman spectroscopy and coupling a 1.2 State of the Art charge-coupled device (CCD) component [START_REF] Hubner | Surface enhanced raman spectroscopy on chip[END_REF]. Notwithstanding its satiating optical properties, BSi additionally shows appreciable electron field emission qualities. James E. Carey detailed the potential utilization of dark silicon structures in field outflow, particle engine drive, and microwave enhancement. BSi as electron emitters show the low turn-on fields and high current yields, which are significant parameters of field emitters [START_REF] Carey | Femtosecond-laser-assisted microstructuring of silicon surfaces[END_REF].

Thus as seen in Fig. 1.19, the majority of pure BSi applications is dominated by usage in solar cells, followed by photodetectors, photodiodes and photoluminiscence.

BSi research specific to the Infrared(IR) Not many works have been dedicated to the arena of radiative optical properties characterisation of BSi for infrared applications as is evident from Table 1.1, making the notable exception of the work of Maloney et. al [START_REF] Maloney | Emissivity of microstructured silicon[END_REF], who measured infrared transmittance and hemispherical-directional reflectance data from 2.5 to 25 µm on BSi and its spectral emissivity, highlighting applications for highemissivity surfaces used in pyroelectric and microbolometer detectors [START_REF] Maloney | Emissivity of microstructured silicon[END_REF].

Lu et al [START_REF] Lü | Strong infrared photoluminescence from black silicon made with femtosecond laser irradiation[END_REF] reported strong infrared photoluminescence (PL) was observed for the first time from BSi formed by femtosecond laser irradiation and treated by rapid thermal annealing while Steglich et al [START_REF] Steglich | An ultra-black silicon absorber[END_REF], described an ultrablack silicon absorber, to be used for NIR applications. The absorber comprises of BSi established by inductively coupled plasma reactive ion etching (ICP-RIE) on a highly doped, degenerated silicon substrate. Improved absorbers also incorporate an additional oxide capping layer on the nanostructures and reach an absorptance of A >99.5% in the range of 350 to 2000 nm and A-99.8% between 1000 and 1250 nm.

Gorgulu et.al [START_REF] Gorgulu | Wideband 'black silicon'for mid-infrared applications[END_REF] and shifts to the NIR range as the level of doping is increased [START_REF] Gorgulu | Wideband 'black silicon'for mid-infrared applications[END_REF]. Perhaps the generalised Effective Medium Theory(EMT) approximations using Transfer Matrix Method (TMM) employed for the simulations, poses a real time structural constraint on the BSi absorptance. However, the implications of doping on the morphology of BSi have not been studied or discussed [START_REF] Gorgulu | Wideband 'black silicon'for mid-infrared applications[END_REF].

So, meagre information concerning the effect of doping, structural modifications and morphological attributes, is available to us, in terms of BSi's full-scale, radiative optical properties considering the entire infrared spectral range.

BSi Morphology Characterisation

SEM grey-scale analysis is a reconstruction technique from which a threedimensional model that represents the surface topography of BSi samples can be obtained. This method consists of inferring the structures height based on the grey-scale level of a top-view SEM image, using the known height values of the SEM brightest and darkest grey-level as bounds of an interpolating range.

While other non-destructive methods of reconstruction such as the ones based on multiple images taken at different viewing angles have been demonstrated, they require repositioning the sample at different viewing angles and robust algorithms to detect the same features in the different images [START_REF] Stampfl | Reconstruction of surface topographies by scanning electron microscopy for application in fracture research[END_REF]. SEM grey-scale analysis has been effectively used in the reconstruction of BSi samples [START_REF] Zhu | 3D nanostructure reconstruction based on the SEM imaging principle, and applications[END_REF]; however, there are some limitations of the maximum hole depth detectable that are due to the limited SEM dynamical range. Therefore, while the SEM grey-scale analysis provides accurate topography information, it is limited to BSi samples with small or medium aspect ratios. 

State of the Art

Max. A(%) Min. R(%) λ(µm) Algasinger et. al [START_REF] Algasinger | Improved black silicon for photovoltaic applications[END_REF] -4 0.2-1 Hsu et. al [START_REF] Hsu | Fabrication and characteristics of black silicon for solar cell applications: An overview[END_REF] -2 0.4-1 Branz et. al [START_REF] Branz | Nanostructured black silicon and the optical reflectance of graded-density surfaces[END_REF] -0.7 0.3 -1 Nguyen et. al [22] -1.2 0.4-1 Pezoldt et . al 2 [START_REF] Pezoldt | Black luminescent silicon[END_REF] -4 0.3-1 Repo et. al [START_REF] Repo | Effective passivation of black silicon surfaces by atomic layer deposition[END_REF] -1 0.25-1 S. Kontermann et al [START_REF] Kontermann | Laser processed black silicon for photovoltaic applications[END_REF] -2 0.1-2.5 Pasanen et. al [START_REF] Pasanen | Impact of black silicon on light-and elevated temperature-induced degradation in industrial passivated emitter and rear cells[END_REF] -2 0.3-1 Xianyu Ao et. al [START_REF] Ao | Black silicon with controllable macropore array for enhanced photoelectrochemical performance[END_REF] -3 0.4-1 Arruda et. al [START_REF] Arruda | Reducing the surface area of black silicon by optically equivalent structures[END_REF] 99.95 -0.4 -1.1 Atteia et. al [START_REF] Atteia | Morphologies and optical properties of black silicon by room temperature reactive ion etching[END_REF] 99 1 0.3 -1.2 Bett et. al [START_REF] Bett | Wave optical simulation of the light trapping properties of black silicon surface textures[END_REF] 95 5 0.2 -1.1 Yurasov et. al [START_REF] Yurasov | Formation 58 BIBLIOGRAPHY of black silicon using sige self-assembled islands as a mask for selective anisotropic etching of silicon[END_REF] 99.95 0.05 0.5-1.2 Hoyer et. al [START_REF] Blumröder | Influence of structure geometry on thz emission from black silicon surfaces fabricated by reactive ion etching[END_REF] 95 -0.3-1.5 Otto. et. al [START_REF] Otto | Black silicon photovoltaics[END_REF] 99.95 -0.3-1 Steglich et. al [START_REF] Steglich | An ultra-black silicon absorber[END_REF] 99.95 -0.25-2.25 Tull et. al [START_REF] Tull | The role of diffusion in broadband infrared absorption in chalcogen-doped silicon[END_REF] 99.5 -1-2.5 Wu et. al [START_REF] Ivanova | Bactericidal activity of black silicon[END_REF] 99.9 -0.5-2.5 Xiao-Long Liu et al [START_REF] Liu | Black silicon: fabrication methods, properties and solar energy applications[END_REF] 99 -0.4-1.1 Xu et. al [START_REF] Xu | Highly efficient near-field thermal rectification between insb and graphene-coated sio2[END_REF] 98 -0.4-3 Y. Ma et. al [START_REF] Ma | An alternative approach for femtosecond laser induced black silicon in ambient air[END_REF] 92 -0.4-3 Chun-Hao Li et. al [START_REF] Li | Fabrication of black silicon with thermostable infrared absorption by femtosecond laser[END_REF] 90 -0.4-2.5 Vorobyev et. al [START_REF] Vorobyev | Direct femtosecond laser surface nano/microstructuring and its applications[END_REF] -2 1-10 Gorgulu et. al [START_REF] Gorgulu | Wideband 'black silicon'for mid-infrared applications[END_REF] -10 5-10 Maloney et. al [START_REF] Maloney | Emissivity of microstructured silicon[END_REF] 94 -1-25 

Min. A(%) Min. R(%) λ(µm) Qiu et. al [START_REF] Qiu | Dual-band near-perfect metamaterial absorber based on cylinder mos2-dielectric arrays for sensors[END_REF] 99.9 -0.5-0.9 Kowerdziej et. al [START_REF] Kowerdziej | Tunable dual-band liquid crystal based near-infrared perfect metamaterial absorber with high-loss metal[END_REF] 98.6 -0.78-0.99 Landy et. al [27] 97 --Zhai et. al [79] 94 -0.5-1 Hussain et. al [START_REF] Hussain | A dual band planar metamaterial based on hybrid structures in terahertz regime[END_REF] 99.74 -0.37-1.5 Wang et. al [START_REF] Wang | Perfect selective metamaterial solar absorbers[END_REF] 97.5 -0.8-1.5 Ding et. al [134] 99.97 -0.8-2.2 Linyang et. al [START_REF] Guo | Wide-angle infrared metamaterial absorber with near-unity absorbance[END_REF] 99. EMTs are developed from averaging the multiple values of the constituents that directly make up the composite material. At the constituent level, the values of the materials vary and are inhomogeneous. Precise calculation of the many constituent values is nearly impossible. However, theories have been developed that can produce acceptable approximations which in turn describe useful parameters and properties of the composite material as a whole. In this sense, effective medium approximations are descriptions of a medium (composite material) based on the properties and the relative fractions of its components and are derived from calculations. There are some modeling approaches for BSi based on EMT that are presented in the literature [START_REF] Ravindra | Modeling of optical properties of black silicon/crystalline silicon[END_REF][START_REF] Rahman | Optical modeling of black silicon for solar cells using effective index techniques[END_REF]. These models however treat silicon-based metasurfaces as one layer of a certain effective index, meaning there's an abrupt change in the refractive index at the air/BSi interface and at the BSi/Si-substrate interface. This does not resemble the actual gradual variation of the BSi effective index and can increase the simulated reflectance.

This is taken into account in the proposed model by Elsayed et. al [START_REF] Elsayed | Optical modeling of black silicon using an effective medium/multi-layer approach[END_REF] where

BSi is treated as a stack of a large number of layers, where each layer has an 1.2 State of the Art effective complex refractive index. Also, the proposed model provides a thorough approach in modeling the complex refractive index of Si, achieved by obtaining its real and imaginary parts as a function of the wavelength, temperature and doping concentration.

The other three methods have their advantages and limitations but in general all three methods are capable of calculating optical parameters such as total spectral reflectance, transmittance and absorbance on arbitrary threedimensional structures. In order to simulate micro/nano-textured surfaces with any of these methods, they require the modelling of a unit cell that represents a typical structure shape that is present in the surface, such as cylinder, pyramid cone, etc. Periodic boundary conditions are imposed in this unit cell in order to represent an infinite array of structures. The second requirement for optical modelling is to provide the material bulk complex relative permittivity and permeability in function of frequency(or wavelength). When the micro/nano-textured surface is aperiodic with a strong variation of the topographic parameters along the surface (such as BSi), an unit cell can be modelled with a portion of the surface topography [START_REF] Kroll | Optical modeling of needle like silicon surfaces produced by an icp-rie process[END_REF][START_REF] Chiu | Broadband and omnidirectional antireflection employing disordered gan nanopillars[END_REF], however the unit cell dimensions might be limited by the computational resources available in certain numerical methods. Another approach to solve the optical parameters of an aperiodic structure is to model an artificial equivalent single cell that is deduced from a statistical analysis of a large region of the surface and takes in account the variations of the topographical properties [START_REF] Lehr | Simulating different manufactured antireflective sub-wavelength structures considering the influence of local topographic variations[END_REF].

Both FDTD and FEM are numerical modelling methods, based on a discretization of the geometry into a mesh of volumetric elements, capable to solve the Maxwell's equations to obtain the electromagnetic field quantities. The total reflectance, transmittance and absorbance are deduced from the electromagnetic field. Previous reports on simulated optical parameters of nanostructured surfaces using the FDTD method demonstrate a good agreement with measurements. Examples of such reports are the total reflectance simulations of single structured unit cell based on periodic cylindrical silicon nanostructures [18], the total reflectance simulations on single conic structures based on nanostructured
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silicon, showing similar tendency with measurements with discrepancies at certain wavelengths [START_REF] Deinega | Minimizing light reflection from dielectric textured surfaces[END_REF] and simulations of super cells based on BSi topography [START_REF] Kroll | Optical modeling of needle like silicon surfaces produced by an icp-rie process[END_REF].

Good agreement is observed between simulations and measurements.

RCWA is a semi-analytic method capable to calculate the reflectance, transmittance and absorbance of unit cells consisting of arbitrary geometries by dividing the structure in a multilayered stack and solving each layer analytically.

Several reports show that the simulated optical parameters of nanostructured surfaces using the RCWA method can provide good agreement with measurements, examples of such reports are the transmittance simulations of equivalent single structure unit cells based on nanostructured fused silica [START_REF] Lehr | Simulating different manufactured antireflective sub-wavelength structures considering the influence of local topographic variations[END_REF], the specular reflectance simulation at different angles of incidence on unit cells based on nanostructured surfaces of GaN ( at a fixed wavelength, λ = 632.8 nm) [START_REF] Kroll | Optical modeling of needle like silicon surfaces produced by an icp-rie process[END_REF], and specular reflectance at normal incidence of unit cells based on cylindrical periodic silicon structures [START_REF] Sun | Broadband moth-eye antireflection coatings on silicon[END_REF]. While a good agreement between simulations and measurements of specular reflectance is found in the TE polarization, some discrepancies are found in the TM polarization which is one of the drawbacks of the RCWA method [START_REF] Han | Numerical modeling of sub-wavelength antireflective structures for solar module applications[END_REF].

Contributions beyond the State of the Art

In the present project, the primary aim of this thesis is to investigate the fundamental infrared absorption properties of Si-based metasurfaces starting with highly doped grated silicon and moving onto BSi and then to highly doped BSi or Ultra-black Ultra-Broadband BSi (UB2-Si) in the spectral range from λ = 1.3 µm, upto λ = 25 µm, to be used for selective/broadband emitters, which do not require advanced surface functionalization. Understanding the metamaterial properties and its optimization is performed through numerical electromagnetic simulations using different techniques such as the transfer matrix method, the Rigorous Coupled Wave Analysis (RCWA) and the Finite Elements Method (FEM), where a truly scalable route for designing such metamaterials have been elucidated.Then, the characterization of the radiative properties ( using both indirect and direct methods) of these meta-surfaces is accomplished, first through for effective comparison, the principle modelling parameter being the dielectric permittivity.For grated silicon, the objective has always been tuned selective emission and the various parameters that have been instrumental in influencing the absorption peaks have been studied as a transition from periodic to non-periodic micro-structurations on silicon. We show through EMT simulations that the nonperiodicity and morphological specificity of BSi is instrumental in comprehending its enhanced wide-band absorption of light. We have been particularly interested in evaluating closely through sophisticated FEM simulations, the dependence of doping, morphological parameters-topographical aspect ratio and the effect of
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the angle of incidence, on the absorption of BSi. Taking all of the conclusive results in mind, it gives us a fruitful idea about the design rules for making silicon, ultra-black and ultra-broadband. We also discuss, the prospects of further simulations to be done, pertaining to different applications with BSi.

In In Chapter 5, following the foundation of an indirect method of extraction of emissivity (E) of BSi, obtained through combination of reflectance (R)

and transmittance (T) using the formula E=A=1-R-T (where (A) is absorbance), then we introduce the complete direct emissivity characterisation setup designed and developed from zero-up and then proceed to discuss results of temperaturedependent IR emissivity derived thereof. These results will pave way to the formation of a vital temperature-dependent radiative properties database of BSi non-existent in literature and of other materials in the future, which will not only yield significant steps towards material applications in a broadband spectrum but also in elucidating physical phenomenon of metamaterials 'beyond limits'.

In Chapter 6, among numerous perspectives perceivable of this thesis work, we discuss specifically and in-depth, two avenues that have been explored.

Since one of the primary investigative parameters of this thesis was doping, a natural corollary to proceed to from the well-explored domain of volume doping was surface doping on BSi. The question that irked an irrefutable interest in this direction was whether the broadband absorption of BSi can be made possible by surface doping or is it an entirely volume doping effect. We have attempted to answer these questions by simulations and experimental characterisation on ionimplanted samples of BSi taking multiple parameters into consideration namely dosage, energy and type of dopant and wafer. Reported results pave way to a previously unexplored territory of radiative properties of surface doped BSi over 1-5 µm and its possible applications.

Finally, we present the conclusions of this manuscript and the subsequent directions that can be undertaken for future steps post this thesis.

[90] M. Luo, S. Shen, L. Zhou, S. Wu, Y. Zhou, and L. Chen, "Broadband, wideangle, and polarization-independent metamaterial absorber for the visible regime," Optics express, vol. 

Introduction

In the present chapter, we briefly touch upon the sample fabrication process of BSi which has been done in ESIEE Paris clean-rooms, in well-established procedures as substantiated in previous works by colleagues [1], as the work of this thesis has not concentrated on the fabrication methodology and its implications. We then describe the reconstruction technique used in this work to delineate the morphological characterisation of BSi sample non-destructive SEM grey-level analysis, to obtain a three-dimensional model of the BSi topography. While this method provide accurate reconstructions, it has its advantages and limitations that are discussed in the following sections. The obtained three-dimensional models allow us performing further characterization of the BSi topography such as statistical analysis of the micro and nanostructures dimensions, and insights into the BSi morphological changes as a result of doping. The morphological information is essential for further modeling of the optical properties of the Black Silicon surfaces as described later in chapter 3.

BSi Fabrication

A few methodologies have been created to limit the reflectance of silicon by texturing the surface towards production of BSi [2,3,4], among which the metal assisted chemical etching(MACE) [5] and the chemical etching with the help of femtosecond laser pulses [6] are notable but not discussed in detail here. Our primary focus are the plasma-assisted etching techniques that have been exclusively used in this thesis for producing our BSi samples..

In plasma-based etching, ions and radicals (formed from gaseous compounds) are projected to the sample to produce reactive etching, ion milling or the combination or both. The different plasma-based etching techniques can be classified according to the method of ions generation, ions acceleration towards the wafer, the gaseous compounds used and the chamber configuration [7]. The first reports of low reflectance surfaces produced by mask-less silicon patterning were obtained by sputtering-etching and reactive ion etching (RIE) [8,9]. Two

BSi formation methods used with Inductively Coupled Plasma (ICP) reactors -the so-called ICP-RIE reactors are: continuous deep reactive ion etching at cryogenic temperatures (called cryo-DRIE) [21,33] and, respectively, time-multiplexed deep reactive ion etching also called the "Bosch" process (DRIE-Bosch) [34].

In cryo-DRIE, the usual gas compounds consist of sulfur hexafluoride (SF 6 ) to etch the silicon, that contributes in the formation of a conformal passivation layer at cryogenic temperatures. The directional etching of the passivation layer is controlled with the adjustable voltage bias. DRIE-Bosch is, by contrast, performed at ambient temperatures and uses a discretized series of etching and passivation steps: SF6 gas is used in the etching step and octofluoro cyclobutane (C 4 F 8 ) is used in the passivation deposition step. In the DRIE-Bosch technique, the possibility to adjust the duration of the time steps provides greater control

BLACK SILICON MORPHOLOGICAL CHARACTERISATION

on the anisotropic etching profile; however, the discontinuity between passivation and etching steps may result in a 'scalloping effect' in vertical walls [1], which translates into an apparent periodic roughness.

While the molecular interactions that produce anisotropic etching and result in the formation of High Aspect-Ratio (HAR) structures in cryogenic RIE [10] also apply to cryo-DRIE, the use of the ICP reactor implies different process parameters. The cryo-DRIE process parameters with typical values range are summarized in Table 2.1 [1]. Parametric analysis of the different cryo-DRIE have been prepared.

Morphology of BSi by SEM Characterisation Method

SEM Grey-Level Analysis

In the present section, we attempt to describe a three-dimensional reconstruction based on a SEM grey-level conversion to height of a top-view SEM micrograph.

This method is non-destructive, easy to implement and has been tested with BSi samples providing good agreement with models based on AFM scanning [13]. SEM grey-scale analysis is a reconstruction technique from which a three- to detect the same features in the different images [14]. The conversion of SEM grey-levels to heights is based on the relation between the secondary electrons detector signal and the surface occlusion or exposure solid angle on irregular surfaces, which makes the highly exposed structures to appear bright in SEM micrographs and occluded regions due to surrounding structures appear dark.

dimensional
This method allows inferring the structure height as function of the top-view SEM pixel intensity. SEM grey-scale analysis has been effectively used in the

Morphology of BSi by SEM Characterisation Method

reconstruction of BSi samples [13,15]; however, there are some limitations of the maximum hole depth detectable that are due to the limited SEM dynamical range. Therefore, while the SEM grey-scale analysis provides accurate topography information, it is limited to BSi samples with small or medium aspect ratios. In 

Mean Spacing of holes in BSi

We also determine the mean spacing(p) histograms of BSi samples (Fig. This is much clearer in Fig. 2.9, where statistically quantified mean spacings of all samples have been shown. Comparing BSi-1 and BSi-2 with BSi-3 among low doped samples, we observe that even though BSi-3 has a higher etching time, the mean spacing is higher, while this is not the case for highly doped samples where etching time of 20', has the lowest mean spacing. Consequently, the nanostructures are packed together and are expected to trap light in an enhanced manner.

Summary

In this Chapter 2, having briefly presented the fabrication method employed for producing BSi, we proceed to show the SEM grey-level characterisation of our BSi samples, which yields vital information regarding the BSi morphological intricacies. We uncover that the level of doping has a definitive impact on the BSi surface topography. As doping level is increased, the heights of conical nanostructurations increase while the mean spacings are reduced leading to the BSi 

Highly Doped BSi

RADIATIVE PROPERTIES MODELING OF SILICON BASED METASURFACES

In this chapter, we give a complete investigation of the radiative characteristics modeling of Si-based metasurfaces. We present various methods for modeling Si-based metasurfaces for reflectance simulations using various modeling techniques such as rigorous coupling-wave analysis (RCWA) (primarily for grated and flat Si simulations), finite element method(FEM), and also taking advantage of Effective Medium Theory (EMT) using Transfer Matrix Method (TMM) simulation results accomplished in the same research group for effective comparison, with the dielectric permittivity serving as the primary modeling parameter.

Engineering the surface microstructures of materials is the most prevalent method for modifying their radiative properties [1,2,3]. Because they are formed of a single material and can be mass-fabricated using photolithographic processes, one-dimensional (1D) surface periodic structures (gratings) are commonly used. Wavelength-selective emission or absorption has been established numerically and experimentally from 1D gratings of doped silicon [1]. Coming to non-periodic materials, BSi has already been an ideal candidate in the visible range. As mentioned in the introduction chapter, one of the most remarkable properties of BSi is its ability to trap light, which has a variety of uses. A substantial amount of effort has gone into constructing BSi sample models that can predict surface reflectance and material absorbance enhancement. Accurate optical parameter predictions based on BSi topography are important because they allow the structure dimensions to be modified to obtain the suitable optical parameters for the application, reducing the number of experimental efforts.

Previous research has demonstrated accurate predictions of BSi optical properties by comparing reflective observations using several modeling methods such as rigorous coupling-wave analysis (RCWA) [4], the FDTD [5], and the finite element method (FEM) [6]. The model employed in the simulation is normally a unitary cell with a regular form similar to the prevailing structure in the sample (e.g. cone, cylinder). This unitary cell has periodic boundaries to imitate an infinite array of this cell. To make accurate predictions of the optical properties of BSi samples, we need precise representation models of the BSi topography. Previous numerical simulations of BSi structures with dimensions based on cross-section view SEM micrographs using the FEM showed comparable tendencies as those
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observed experimentally [6].The accuracy of such a method, however, is severely hampered by the challenge of modeling genuine BSi surfaces with their wide range of roughness dimensions and disordered distribution. The definition of the analogous unit cell is not evident in this case, with the crucial issue being the selection of the right bi-periodic unit cell, which takes into account the variability of BSi architecture. In Chapter 2, we undertook an in-depth examination of the BSi topographical characteristics using accurate three-dimensional representations generated from gray-scale SEM analysis. In this chapter, we simulate models that predict and estimate the different parameters that have been essential in affecting the absorption peaks for grated silicon and this has been examined as a starting point for the shift from periodic to non-periodic micro-structures on silicon. We then move to BSi samples modelling in order to predict their radiative optical properties: reflectance, transmittance, and absorbance. We begin by presenting the numerical simulation approaches used to forecast BSi reflectance. We then simulate reflectance using various BSi unit cell models, including a previously used model that considers the large variability in BSi structure dimensions and their disordered distribution.

Introduction

For the purpose of considering the plasmonic behavior of doped silicon in the infrared region, the specific Drude model [7], which describes the frequencydependent dielectric function of silicon, has been employed together with more advanced models [8,9]. Thus in the various modelling techniques involved in this work, such as Effective Medium Theory (EMT) using Transfer matrix method (TMM), Rigorous Wave Coupled Analysis (RCWA), Finite Element Modeling (FEM), the equations of Drude's formalism have been employed to construct the representative models for simulations of black silicon, where another key feature is its specific morphology, -also taken into account in the simulation, has a major impact on the resulting apparent radiative properties of the resulting structured metamaterial. In the following sub-sections, the various modelling techniques along with the results obtained from the materials studied, have been described in detail starting from EMT and later moving on to more complex simulation techniques.
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Modelling Techniques

Effective Medium Theory(EMT)

One of the methods for modelling the unique morphological features of microstructured Si is based on Effective Medium Theory (EMT) employing the Transfer Matrix Method (TMM) [10]. The black-silicon layer can be treated as a two-phase mixture of silicon and air, with the silicon content increasing as the depth into this layer increases. Hence, the whole material layer can instead be considered as a large number of stacked layers, each one having a certain effective refractive index that depends on the volume fill factor of silicon and air [10].

To evaluate the complex effective refractive index of each of the stacked layers, Maxwell Garnett equation is used [11]:

e -m e + 2 m = F i -m i + 2 m (3.1)
where e is the complex effective permittivity, m and i are the permittivities of the host medium and the inclusions respectively, and F is the volume fillfactor of the inclusions, which varies from one layer to the other. The complex effective refractive index is related to the permittivity as follows: n e = √ e . Next, the TMM method is implemented to obtain the total spectral reflectance and transmittance of the whole structure. First, coefficients relating the electric and magnetic fields (named B and C respectively) in the incident and emerging media are obtained [12]:

B C = E 0 /E M H 0 /H M = M r=1 cos δ r i sin δ R /η r η r i sin δ R cosδ r 1 η N (3.2)
where E 0 and E M are the electric fields in the incident and emerging media respectively, H 0 is the magnetic field in the incident medium, M is the number of stacked mediums, η is the medium admittance (which is a function of the medium's effective refractive index), and and the quantity δ r defined as:

δ r = n r K 0 d r cos θ r (3.3)
Where n r is the complex refractive index,K 0 = 2π λ 0 , d r is the layer thickness, and θ r is the angle with the normal to the interfaces (which can be found in each 3.2 Modelling Techniques medium using Snell's law). Then the total reflectance and transmittance of the structure can be obtained using the obtained coefficients B and C as follows [12]:

Ref lectance = ( η 0 B -C η 0 B + C )( η 0 B -C η 0 B + C ) * (3.4) T ransmittance = 4η 0 Re(η M ) (η 0 B + C)(η 0 B + C) * (3.5)
The total absorptance is obtained given the conservation of energy as follows:

Absorptance = 1 -Ref lectnce -T ransmittance (3.6)
In this work, the results from this method have been primarily used as a reference to compare, simulation results obtained for BSi and as a starting point as seen in Fig. 3.10

Rigorous Coupled

Wave Analysis(RCWA)

Background

There are many methods for the numerical modelling of the diffraction of electromagnetic waves on periodic gratings. Among those, a specific role is played by the so called Rigorous Coupled Wave Analysis (RCWA) method [13], which in its most basic two-dimensional form assumes very simple periodic rectangular gratings. The RCWA method was first proposed by M. G. Moharam and T. K.

Gaylord for modelling light diffraction on planar gratings [14], and has been widely used and developed ever since in the literature [15][13]. Based on Floquet's theorem, RCWA involves an expansion of the problem solution on Floquet harmonics.

For example, assume a 1D binary grating that is periodic along the x-axis (and having a normal along the yaxis), with h is the grating height, ∆ is the grating period and d is the duty cycle.

In the grating layer(Figure 3.1), where 0 < z < h, the permittivity can be expanded in a Fourier series in the following form7,8:

(ω) = Σ m exp(j 2πm ∆ ) (3.7) Where, m is the mth Fourier component of the permittivity in the grating layer.

Several layers of uniform properties along z-axis are defined and the problem is solved by considering field continuity at the interfaces between these layers.

The simple rectangular form of a grating allows in RCWA an easy separation of space variables, and, using Fourier expansions for the space periodic part of the solution, a transformation of the problem described by the partial differential equations into the system of ordinary differential equations (ODE) for the Fourier amplitudes. In order to solve the problem numerically, the infinite dimensional continuous problem must be discretized. In RCWA this entails the truncation of the Fourier expansions, followed by a derivation of the finite dimensional representation of the problem. The solution of the resulting ODEs can be written in the form of elementary matrix functions with an elegant matrix formulation of the linear algebraic problems for the integrating constants. Generally, the RCWA is a stable method where the energy is always conserved and the accuracy of the obtained solution depends on the number of terms in the field-space expansion [15][14]. The RCWA approach is rich in mathematical problems from many disciplines, including numerical linear algebra, and building an efficient RCWA-based solver for practical problems will require a well-balanced solution of all of them. The RCWA calculations are made using Reticolo software for grating analysis [16]. The finite element method (FEM), is a numerical technique for taking care of problems of differential equations using the weighted residual method [17] that can be used to provide solutions to many physical problems as heat exchange, liquid stream, acoustics, electrostatic potential and electromagnetic propagation [18].

To handle the problem, the studied volume is discretized into small volumes called elements that build the mesh, and the unknown physical quantity (that is the vectorial complex electric field in our case) is expanded on chosen analytical basis functions.In the finite element method, a given domain is viewed as a collection of several sub-domains and over each sub-domain the governing equation is approximated by any of the traditional variational methods. The main reason behind seeking approximate solution on a collection of subdomains is the fact that it is easier to represent a complicated function as a collection of simple polynomials. [19] HFSS (High Frequency Structure Simulator) by ANSYS is dedicated to the solving of three-dimensional electromagnetic problems in the frequency domain [18].
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Material Properties: Dielectric Permittivity

Drude Model for Doped Silicon

In the infrared region, the Drude model [20] describes the frequencydependent dielectric function of of highly doped silicon, similar to its metallic counterparts in the visible region as follows:

(ω) = (n + iκ) = ∞ - ω 2 p ω(ω + iγ) (3.8) ω p = N e 2 /m * 0 (3.9)
γ = e/m * µ (3.10) where, N is the doping level; the free carrier concentration, given the doping level of the semiconductor; (ω) is the dielectric function; ∞ is the highfrequency asymptotic value that is approximately 11.7 for silicon and is independent of the doping concentration; also corresponding to the relative permittivity of the bulk, low-doped semiconductor;γ is the scattering rate for carriers in the semiconductor;ω p is the plasma frequency of the doped material; ω = 2πc/λ is the angular frequency, with c and λ being the speed of light and wavelength in vacuum; e is the charge of electron; m* is the carrier effective mass, m is the mass of carrier; 0 is the permittivity of free space and x = 0.27 or 0.37 for n-type and p-type silicon respectively. Here, the n-type and p-type are referred to silicon implanted with phosphorus and boron, respectively. The above model has been used popularly in literature in [21] and Basu et. al [7] experimentally validated the model. Using the optical constants, the absorptance of plain silicon can be calculated with the complex Fresnel coefficients. The spectral absorptance [7] of
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plain silicon in air at normal incidence can be expressed as:

α = 4n Si (n Si + 1) 2 + κ 2 Si (3.12)
Where, n Si and κ Si are the refractive index and the extinction coefficient of plain silicon respectively. Though, in recent times, more advanced models have been proposed such as in the work of Law et. al [9] and Cleary et. al [8] adherent to the localized surface plasmon resonances (LSPRs). However, the mid-IR does offer significant flexibility for the plasmonics researcher willing to look past traditional plasmonic materials. In particular, highly doped semiconductors offer a potential replacement for noble metals at long wavelengths. The optical response of a doped semiconductor can be modelled using the Drude formalism with the separation of the real and the imaginary part of the relative permittivity:

(ω) = ∞ (1 - ω 2 p ω 2 + iωγ ) (3.13) (ω) = + = ∞ (1 - ω 2 p ω 2 + γ 2 ) + i ∞ (1 - γω 2 p ω(ω 2 + γ 2 ) ) (3.14)
But, the complex relative permittivity can also be written as:

(ω) = + = + i σ ω 0 (3.15)
where, σ is the conductivity of the material, which can therefore be expressed, after combining (3.14) and (3.15) , as:

σ = 0 ∞ γω 2 p ω 2 + γ 2 (3.16)
Thus in the various modelling techniques involved in this work such as RCWA(Rigorous Wave Coupled Analysis), FEM(Finite Element Mesh Analysis), the above equations have been employed to construct the representative models for simulations. Each sub-structure of result is composed of the several fields. Each field is a Matlab column vector or matrix having the same number N of lines. N is the number of propagative orders considered and can be 0. (To use the same notations as in the conical code or in the crossed-grating code, set parm.res1.result=-1 before calling res1.m).

Field name

Efficiencies

For a given diffraction order n, the diffraction efficiency is defined as the ratio between the flux of the diffracted Poynting vector and the flux of the incident Poynting vector (flux through a period of the grating).

The efficiencies of all propagative reflected and transmitted waves for an incident wave from the top of the grating are given by the two vectors "result.inc_top_reflected.efficiency" and "result.inc_top_transmitted.efficiency". If all refractive indices are real, the sum of all elements of these two vectors is equal to one because of the energy conservation. The labels n of the corresponding orders are in "result.inc_top_reflected.order" (see below for a description of the other fields of this sub_structure).

1) The efficiency of the reflected order -2 ( Some examples

x inc x // K 2 k k - =
) when the grating is illuminated from the top is equal to result. inc_top_reflected.efficency{-2}. If this order is evanescent, the efficiency is 0.

It is important to have in mind the difference between : result.inc_top_reflected.efficiency{-2} : efficiency of order 2 result.inc_top_reflected.efficiency(-2) : gives an error ! result.inc_top_reflected.efficiency{2} : efficiency of order 2 result.inc_top_reflected.efficiency(2) : efficiency in order result. inc_top_reflected.order(2);

2) The orders of all the transmitted-propagative plane waves for an incident wave from the top of the grating are given by the vector "result.inc_top_transmitted.order". 3) The efficiencies of all propagative reflected waves for an incident wave from the bottom in TM polarization are given by the vector "result.inc_bottom_reflected.efficiency".

Rayleigh expansion for propagatives modes

The coefficients of the Rayleigh expansion of Fig. 1 can be obtained from the structure result. For instance, when the grating is illuminated from the bottom with a TE polarised mode, we have : The angle θ m related to order m is varying between -90 and 90. It is oriented in such a way that the k-parallel momentum of the corresponding wave vector (incident or diffracted) is :

x inc x mk k + = (2π/λ) n_ top sin(θ m ) or (2π/λ) n_ bottom_ sin(θ m )

O top and O bottom points

O top and O bottom are 2 important points (see Fig. 1). In the Cartesian coordinates system Oxyz , they are defined by : O top =(0,0,h) at the top of the grating, and O bottom =(0,0,0) at the bottom of the grating.

In addition, let us consider an arbitrary point M=(x,y,z) in the 3D space in Oxyz. Associated to this point, we define the two vectors : RCWA is primarily used for the computation of 1-D gratings on silicon in this study and the corresponding simulations were performed using RETICOLO [22], which computes the diffraction efficiencies and the diffracted amplitudes of gratings composed of stacks of lamellar structures. The RCWA relies on the computation of the eigenmodes in all the layers of the grating structure in a Fourier basis (plane-wave basis) and on a scattering matrix approach to recursively relate the mode amplitudes in the different layers.

r top= M O top ,
The grating encompasses a uniform upperstrate, called the top seen in (
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Fig. 3.3), a uniform substrate, called the bottom (Fig. 3.3), and many layers which define the grating, which is defined by a stack of layers. Every layer is defined by a "texture" and by its thickness. Two different layers may be identical (identical texture and thickness), may have different thicknesses with identical texture, may have different thicknesses and textures. To define the diffraction geometry, we need to define the different textures and then the different layers.

The model employed for silicon in RCWA makes use of equations (3.14-3.16) to venture upon a plausible model to simulate radiative optical properties of standard doped and highly doped silicon to be used as references. Once the total reflectance(R) and transmittance(T) are calculated, the absorptance can be expressed as:

Absorptance(A) = 1 -R -T (3.17)
and, the emissivity (E) is equal to the absorptivity (A), for an arbitrary body emitting and absorbing thermal radiation in thermodynamic equilibrium, according to Kirchhoff's law [23].

FEM

Reflectance simulations in the infrared wavelength range are performed using ANSYS HFSS software. The silicon model we implemented in HFSS makes use of Equations (3.14-3.16) to simulate radiative optical properties of micronanostructured BSi surfaces and also highly doped flat silicon surfaces to be used as references. BSi geometry is modelled as a bi-periodic arrangement of identical cones as seen in Fig. 3.5, whose simulation is performed while restricting the studied volume to a unit cell owing to the use of periodic boundary conditions on lateral surfaces that accounts for the structural bi-periodicity. The source consists in a plane wave with a series of incidence angles from 15-60 degrees. At the bottom of the simulated volume, an impedance condition is used to simulate the thickness of the silicon substrate of 500 µm and a perfect conductor is placed under the silicon layer to further match the conditions of the reflectance measurement setup. Simulations are performed by illuminating the studied structure by TE-and TM-plane waves and the total reflectance is calculated by averaging both cases and accounting for depolarization effects. 
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Results

Highly Doped Silicon Gratings

In literature, it has long been established that highly doped silicon is a commending candidate for higher absorptance [1,24]. However in recent years, heavily doped silicon is selected as the complex grating material because it is common in micro/nanofabrication and its optical constants vary with doping concentration [25]. When the carrier concentration is high, silicon becomes conductive and can excite SPP to tailor radiative properties in the mid-IR [26]. Based on the application target, these tuned properties could be taken into consideration for wavelength-selective filters or emitters that are important for applications related to radiative energy conversion systems. Hesketh et al [1,24] initiated a series Among the parameters that we explore are:

• A range of doping level at different grating periods which has been known

to be an instrumental parameter [27].

• A range of grating periods at different levels of doping

• Temperature Dependence arising due to the variation of resistivity of doped silicon at elevated temperatures.

Effect of Doping Level

In Fig. 3.6, absorptance responses for doped grated silicon having a grating period of 6 µm have been simulated for a range of doping levels from N p (n-type, phosphorous doping)=5 × 10 18 cm -3 -5 × 10 20 cm -3 . It is noticeable that sharper peaks occur at lower wavelength ranges for higher doping levels. In fact for doping levels above 1 × 10 20 cm -3 , it is seen that the number of peaks in the MIR range increases. Also, we see that in the variation of the doping levels, higher levels of doping corresponds to higher level of absorptance peaks in lower wavelength range as seen in Fig. 3.6. Keeping this in mind, in Fig. 3.6, a set of two series of simulation results have been presented, where the doping level is varied from
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5 × 10 19 cm -3 -8 × 10 19 cm -3 for two different grating periods-6 µm and 12 µm which corresponds to the values of doping for the highly doped samples that are commercially available(at least those that we were able to purchase). The spectral response reveals a rather broad peak with high variance in the lower range from 1 to 10 µm. This broad peak is blue-shifted when increasing the values of doping. However for, lower values of doping, (<10 20 ) we need to employ a higher period of grating of 12 µm to reveal pronounced sharper peaks around 16 µm(Fig. 3.6(b))while at a grating period of 6 µm, the corresponding sharp peak is drowned within the broadband peak (Fig. 3.6(a)). Since, this is one of the parameters that are crucial in understanding selective emission in desired wavelength ranges, these results help us to understand the necessary design rules for having tuned emission in narrow IR wavelength ranges. In conclusion, it appears that it should be easier to obtain a monochromatic light source in the highest wavelength range above 15 µm, even with intermediate doping concentration levels, while the obtention of monochromatic light source at a wavelength below 10 µm requires extreme doping level concentrations, close to the solid solubility, above 10 20 cm -3 .

Effect of Grating period

In Fig. 3.8, the grating period is varied from 2µm-12µm for two levels of doping:

N p = 8 × 10 19 cm -3 and 3 × 10 20 cm -3 and it is important for us to note that the grating period is instrumental in producing pronounced peaks in various specific narrow regions of IR wavelength ranges. We see that in the variation of the period of grating, higher period of grating corresponds to higher absorptance peaks in lower wavelength range(better finesse) (Fig. 3.8). However for, lower values of doping, (>10 20 ) we need to employ a higher period of grating to obtain pronounced peaks. In fact for grating periods above 2µm, it is seen that the peaks undergo a red-shift as seen in Fig. 3.8. The contribution of the doping levels is to reveal the increase in the number of peaks for the bigger values of the grating period (2 peaks for 6 µm period and 3 peaks for 12 µm period) as seen in Fig. 3.8(b). This increase is understandable through the conditions of momentum matching between the incident wave and the SPP wave, which gives in this case multiple solutions for the resonant wavelength. Absorptance spectra for doped grated silicon with a grating period of 6 µm, for for a range of doping levels from 5 × 10 18 cm -3 -5 × 10 20 cm -3 at an angle of incidence of 30 • .

Temperature Dependence

We see from Fig 3.9 that in the variation of temperature, higher temperature corresponds to higher absorptance peaks in lower wavelength range at levels of doping higher than 10 19 cm -3 (Fig. 3.9).The variance of the distribution is blueshifted for increasing values of resistivity. However, for lower values of doping,

i.e values of doping <10 20 cm -3 the peaks are not pronounced and there is little variation with respect to temperature. For grated doped silicon, highest peaks of absorptance is attainable for low values of doping for N-Type at high temperatures for a doping level range of 5 × 10 19 cm -3 -8 × 10 19 cm -3 . For future fabrication we must target, higher levels of doping, though the highest level of doping achievable physically is 3 × 10 20 cm -3 , at a high temperature.

Black Silicon

In this section, through simulations, we aim to describe a scalable and simple manufacturing route for turning silicon into an ultra-broadband perfect light absorber, with unprecedented absorptance levels up to 99.97 % over an ultrabroad Medium Theory [28,29]. This gives us a starting point to initiate our simulations in more complex and sophisticated environments by FEM. Among all forms of micro/nanostructured silicon, BSi is the only morphological configuration that exhibits continuous and smooth transition profile of the refractive index. It is also the only configuration which exhibits almost 100% absorbance according to the stochastic distribution of the cones apex and cone heights H. It has to be noted that the transition from air to bulk silicon will be smoothest for the highest average height (<H>).
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Among the parameters that are of intrigue in this regard are: • Effect of doping level.

• Effect of Topological Aspect Ratio

• Effect of Angle of Incidence The inset gives a zoom on the vertical scale to highlight that widest spectral ranges achieved at moderate doping level 1 × 10 19 cm -3 also correspond to the smallest levels of absorptance, although still high; even higher absorptance is attainable at higher doping levels but at the expense of a reduced spectral range. It also highlights the superior absorptance levels obtained at the highest doping level of 1×10 21 cm -3 , even though the corresponding spectral range is the smallest.

Effect of Doping Level

A series of simulations were done to provide conclusive evidence of the effect of doping on NS-Si, leading to the formation of highly doped , highly absorbing BSi for a fixed average height (<H>) = 11µm. As seen in Fig. 3.11, with an increasing level of doping, the absorptance increases in the low wavelength range. In the extreme case of doping, 1 × 10 21 cm -3 the absorptance achieves a near 100% level till λ = 5µm. However, above λ = 5µm, quite the opposite trend is observed; the absorptance falls to lower crests. This indicates that lower doping (down to 1 × 10 19 cm -3 ) is better suited than the highest doping for reaching higher absorptance 100

Results

in the highest IR wavelength ranges. The inset in Fig. 3.11 is a zoom on the absorptance axis, which depict key information regarding two different requisites for manufacturing broadband silicon absorbers. For a broader absorptance in higher wavelengths, a moderately doped silicon is preferable, while for the highest level of absorptance, a heavily doped silicon would be ideal. By moderate doping levels, we mean levels down to 1 × 10 19 cm -3 , where we still have significant plasmonic behaviour of the doped silicon. It is worth-mentioning that at this particular doping level of 1 × 10 19 cm -3 , the absorptance start degrading reaching levels below 99.6% . This suggests that there is no additional benefit reducing the doping level below this limit.This adjustment of the doping concentration is the first key requirement for having a broadband perfect absorption.

Effect of Topographical Aspect Ratio

Effect of Height of Conical Nanostructures For the sake of investigating the effect of the average height <H>of the conical nano-structuration on the absorptance, we have done simulations on the
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simplified representative models of highly doped BSi where doped silicon was considered as a plasmonic material, which can be modelled by a wavelengthdependent complex refractive index based on Drude's Model (See Eqns.3.8-5.12).

Such model is built to be used as inputs for further various electromagnetic simulations over the 1-25 µm wavelength range for deriving the surface radiative properties. The series of curves in Fig. 3.12 are the result of FEM simulations.

The average height <H>of the conical nano-structurations was varied from 0 µm 

Effect of Mean Spacings of Conical Nanostructures

Simulations trying to ascertain the effect of the mean spacing (p) were also performed for the same level of doping and the same cone average height of <H>= 10 µm but in this case, by varying the mean spacing from p = 0.1 to 0.5 µm. As shown in Fig. 3.13, there is but little impact of p. This result allows us to conclude that the height <H>matters more than the aspect ratio <H>/p of the conical nanostructures. It is however worth-mentioning that an additional requirement is to have sub-wavelength values for p so as to enable applying the effective medium approximation. From this point of-view, having typical values of p in the range of 0.3-0.5 µm for our highly doped BSi samples -see Fig. 3.10-is excellent, especially in the infrared range, where the wavelength is much bigger. This eventually translates into a requirement for having high aspect ratio sub-micron cones. 

Effect of Angle of Incidence

Tantamount to the acquired trend on the highest average height <H>, the effect of the angle of incidence on the reflectance response has also been investigated, as shown in Figures 3.14 in the simulation responses can be attested to the fact that effective medium approximation does not take into consideration the fine morphological details of the BSi topology while finite element method utilises a bi-periodic unit cell where the variability in the heights of the BSi nano-cones have been taken into account.

Comparison between different simulation techniques for BSi modelling

Summary

In Chapter 3, we present a comprehensive study of the radiative properties modelling of Si-based metasurfaces. We present different methods of modelling Sibased metasurfaces used for reflectance simulations achieved by various modelling techniques such as RCWA(mainly for grated and flat Si simulations), FEM and also taking the advantage of EMT simulation results accomplished in the same research group as a support to this work, the principle modelling parameter being the frequency-dependent dielectric complex permittivity. We present the ultimate design rules for the creation of both selective and broadband absorber with highly doped Si, obtained using grating and nanostructured (black) silicon, respectively. For grated silicon, the objective has always been tuned selective emission at specific wavelength and the various parameters that have been in-
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Conclusion Effect of Doping

Higher levels of doping corresponds to higher level of absorptance peaks in lower wavelength range along with the number of peaks. For lower levels of doping,reaching 100% peak absorptance is not realisable.

Effect of Grating Period

Higher grating periods provide pronounced absorptance peaks (at higher wavelength) along with an increase of number of peaks.

Depending on the level of doping these peaks undergo blue/red-shift and also rise in amplitude.

strumental in influencing the absorption peaks have been studied as a starting point of the transition from periodic to non-periodic micro-structurations on silicon. In the results discussed in this chapter we see that, the doping level, is still the dominant parameter to obtain pronounced absorption peaks. It is noticeable that sharper peaks occur at lower wavelength ranges for higher doping levels.

In fact for doping levels above 1 × 10 20 cm -3 , it is seen that the no of peaks in the MIR range are revealed and their magnitude increases. Also, we see that in the variation of the doping levels, higher levels of doping corresponds to higher level of absorptance peaks in lower wavelength range. However for, lower values of doping, (<10 20 ) we need to employ a higher period of grating to obtain pronounced peaks. The effect of grating period is seen that higher period of grating corresponds to higher absorptance peaks in lower wavelength range. However for, lower values of doping, (>10 20 ) we need to employ a higher period of grating to reveal pronounced peaks. The effect of grating period is seen that higher period of grating corresponds to higher and sharper absorptance peaks in higher wavelength range. However for, lower values of doping, (<10 20 ) we need to employ a higher period of grating to reveal pronounced peaks. In fact for grating periods above 2µm, it is seen that the peaks undergo a red-shift. Thus to summarise, the grating period and doping level combination will depend on narrow regions of
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the IR wavelength range for tuned selective emission. If we are working towards a selective emitter in the MIR range, we have to employ a higher level of doping >1 × 10 20 cm -3 and a larger grating period, >6µm to reach an absorption peak that touches the 100% line. However, for larger periods of grating (e.g 12µm) at lower doping levels only gives us an absorption peak, that reaches about 50% absorption. Hence, a trade off is involved. Effect of Topographical Aspect Ratio For higher cone heights, higher absorption is obtained. Mean spacings have no apparent effect on absorptance.

In case of BSi, we show through EMT simulations that the nonperiodicity and morphological specificity of BSi is instrumental in comprehending its enhanced wide-band absorption of light. After that we proceed towards understanding through sophisticated FEM simulations, the dependence of doping, morphological parameters-topographical aspect ratio and the effect of the angle of incidence, on the absorption of BSi. For the effect of doping, we see that with an increasing level of doping,the absorptance increases in the low wavelength range. In the extreme case of doping, 1 × 10 21 cm -3 the absorptance achieves a near 100% level till λ = 5µm. However, above λ = 5µm, quite the opposite trend is observed; the absorptance falls to lower crests. Thus there is a trade-off involved: for broader but lower absorptance a moderately low doping level is better suited and for highest absorptance but with a corresponding narrow spectral range, a high level of doping is perfect. To further our discussion on the effect of the topographical aspect ratio, we observe that it is in fact a crucial parameter.

The effect of increasing conical nanostructurations is seen with a corresponding BIBLIOGRAPHY broader and higher level of absorptance is reached. The ultimate boundaries of extending the near 100% absorptance is made possible across a vast infrared wavelength range till a wavelength λ=15 µm. It is noteworthy that this requires micro-nanostructure heights <H>greater than 9 µm. This is indeed a second key requirement for having a broadband perfect absorption. Surprisingly, the mean spacings of the BSi conical structurations have no definitive effect on its absorption and this has been studied for a wide range of values of p. This result allows us to conclude that the height <H>matters more than the aspect ratio <H>/p of the conical nanostructures. We observe in our simulations varying the angle of incidence that there is in fact an elfin impact on the radiative optical properties of silicon: black or otherwise. All of this has been summarised in Table7.2. These results, thus, gives us a fruitful idea about the design rules for making silicon, ultra-black and ultra-broadband.

Introduction

In Chapter 2, we performed an exhaustive characterization of the BSi topographical parameters based on three-dimensional representations obtained from grayscale SEM analysis. In the present chapter we start by measuring the IR radiative properties namely reflectance-both specular at different angles of incidences and diffuse and transmittance of the BSi samples presented in Chapter 2, which enables us to derive their IR absorptance. We also study the influence of several key parameters on the the BSi disordered structural topography and eventually on the radiative properties of BSi and the BSi capabilities to enhance the Si substrate absorptance both in terms of highest levels as well as achieving broadband absorption. The several key parameter effects that we mainly look at are : effect of doping, effect of etching time, effect of angle of incidence. Finally, all the experimental results are compared with simulations presented in Chapter 3 providing a validation of the models presented.

Transmittance Measurements

At first, experimental measurements of transmittance have been performed using a Perkin Elmer Spectrum 3 FTIR Spectrometer in a spectral range from 1 to 25 µm at room temperature. Three different samples of BSi and FSi having low and high doping were measured and an average of 10 trials were taken into consideration. In Fig. 4.1, it is clearly visible that for the entire range of 1-25 µm, the transmittance of heavily doped BSi is negligibly low -0.0002% at 1.5 µm and rises to 0.02% at 20µm. This is lower than low doped BSi sample where the transmittance rises to 2.5% after 20µm. It ascertains our belief that for heavily doped BSi, the absorptance can be evaluated from reflectance alone as transmittance is negligible in this case. For heavily doped flat Si taken for comparison, the transmittance remains at an average constant level of 3%, throughout the entire wavelength range. This result will be referred to in this entire chapter for comparison and effective evaluation of IR absorptance of the fabricated samples of BSi. on the reflectance can be noted and it is due to a drastic change in the bulk material dielectric complex permittivity as described in Chapter 3, where, for the highly doped BSi sample, reflectance is kept lower than with the standard low doping until 15 µm, which is obviously higher than the reflectance of two similarly doped flat Si samples. As a reminder, this figure also recalls the typical responses recorded in the visible range(see Fig. 1.17); as most of the time, such a curve shows an increase of reflectance at the highest wavelengths, which also suggests that absorption should decrease if we increase the wavelength further. But surprisingly, this does not happen in our results shown in Fig. 4.2. On the contrary, one can see that reflectance is kept very low, below 1% up to 10 µm. For the highly doped silicon, reflectance remains even below 0.1% up to 7.5 µm and then starts increasing up to 1% at 15 µm. After 15 µm however, the reflectance for both the samples increases beyond 4%. As is observed in the inset of Fig. 4.2 the respective curves for both the samples intersect each other in the vicinity of 23 µm,which is also not predicted by simulation results(recall Fig. 3.11), which did 4.3 Reflectance Measurements not include such low doping levels of ˜1 × 10 15 cm -3 and this is where the specular reflectance of the highly doped sample rises above 15% to reach a maximum of 26% at 25 µm.This crossover in the absorptance gives a hint that for the highly doped sample the absorptance falls eventually to lower crests in the far infrared range compared to the low-doped sample. This however highlights the fact that there is, in all obviousness, a compromise involved. To reach almost 100% absorption of radiation, the highly doped BSi sample is a perfect candidate until 15 µm, but to attempt a broader but lesser absorption, the low doped sample would be slightly better. These outstanding radiative properties cover a significant part of the useful spectrum of a thermal radiation source operating between room temperature and 600 K. Indeed, considering the spectral distribution of the blackbody intensity given by Planck's function [1] and the fraction emitted in the spectral range covered by our experimental results between 1 and 25µm, one can note that this fraction reaches 83% and 97% for a radiation source at 300 K and 600 K, respectively [1]. Such small reflectance, thus high emissivity, in this specific wavelength range is of paramount importance for various applications.

Actually, because of the large density of free carriers, heavily doped silicon is opaque in the mid-infrared [2]. Therefore, such small reflectance is synonymous with high absorptance and hence high emissivity, according to Kirchhoff's law and energy conservation principle, This property paves the way to efficient radiation sources. . As is observable from the figure, the higher the etching time, the lower is the reflectance of BSi. However for the higher levels of doping, the effect of etching time is more pronounced-for instance, above 7.5 µm, there is almost a difference of 15% in the levels of reflectance of the BSi sample with 15' etching time and the one having 20' etching time. This leads to the conclusion that for higher level of doping, highest etching time is preferable for lowest reflectance. 

Effect of Etching Time

Etching Times

High Doping

Low Doping 

Diffuse Reflectance Measurements in NIR

The specular component of the total reflectance of BSi, would represent only a small portion of the total reflected power as has been illustrated in [4]. So, pursuant to estimating the reflectance from the fabricated BSi samples bereft of directionality, we conducted diffuse reflectance measurements at the LIED Laboratory of University Paris Diderot. The diffuse reflectance measurements were performed using a Cary DRA 6000i Spectrometer by Agilent at room temperature in the spectral range from 0.2 to 2.5 µm. Cumulative measurements on flat silicon with standard low and high doping have also been performed for comparison. In Fig4.5 the diffuse reflectance of highly doped black silicon appears to be at an average level of 2%. The diffuse reflectance of flat silicon, is at par with 35%.

Since transmittance is zero, we see that the absorptance is 98% for heavily doped black silicon. The effect of etching time is noticeable where for the sample having an etching time of 20', the reflectance is lower by 1%. The obtained results for low doped BSi was compared with [3] as is seen in Fig. 4.6, where the conceivable trend seems to be in line with standard measurement results in literature. 

Diffuse Reflectance Measurements in MIR

The specular component of the total reflectance of BSi, would represent only a small portion of the total reflected power as has been illustrated in [4].So, pursuant to estimating the reflectance from the fabricated BSi samples bereft of directionality, we conducted diffuse reflectance measurements on different samples of BSi.

The diffuse reflectance measurements were performed using a PerkinElmer Spectrum 3 FT-IR spectrometer with a PIKE IntegratIR MIR Integrating Sphere having hemispherical diffuse reflectance measurement with an incident beam angle of 12-degree with specular exclusion port from PIKE Technologies at room temperature in the spectral range from 2.5 to 20 µm. The integrating sphere was at first connected to the FT-IR Spectrometer. Then the procedure undertaken to take measurements was the following: At first a background spectrum of the radiative intensity of the diffuse gold reference mirror was collected. For the background, the total reflectance of the reference diffuse gold mirror must be collected so specular exclusion port must be closed. Specular excluded intensity
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(diffuse only intensity) and specular intensity are taken as a ratio with the total intensity of the reference in order to respect the equation below:

I total S /I total M irror = (I dif f use S + I specular S )/I total M irror (4.1)
where, I total S is the total intensity reflected by the sample, I total M irror is the total intensity reflected by the reference, I dif f use S is the diffuse only intensity reflected by the sample, I specular S is the specular intensity reflected by the sample. Then, the diffuse gold mirror was removed. Due to the small size of the samples, we used a sample mask, so next, the diffuse intensity reflected by the mask was recorded. Then, the total reflectance of the reference diffuse gold mirror was recorded again for background in case of sample intensity measurement. Next, the diffuse gold reference was replaced with the sample and the specular exclusion port was opened. Then finally,a diffuse intensity reflected by the sample was collected. The equation that enabled us to collect the sample reflectance is as follows:

R dif f use S (%) = (I dif f use S -I dif f use M ask /I total M irror -I total M ask ) × 100 (4.2) 
where, R dif f use S is the diffuse reflectance of the sample,I dif f use S is the diffuse only intensity reflected by the sample, I dif f use mask is the diffuse intensity reflected by the mask, I total M irror is the total intensity reflected by the reference and I total mask is the total intensity reflected by the mask.

The sample measurements of 4 samples of BSi and FSi were collected and an average of 20 trials were made. In Fig 4 .7 the diffuse reflectance of highly doped black silicon follows the same trend as that of specular reflectance as seen in Fig. 4.2, though the reflectance levels are slightly higher. One can see that reflectance is kept low, below 4% up to 10 µm. For the highly doped silicon, reflectance remains even below 0.6% up to 7.5 µm and then starts increasing up to 4% at 15 µm. After 15 µm however, the reflectance for both the samples increases 

IR Absorptance of BSi

Taking note of the reflectance and transmittance measurements of BSi as shown in Fig4.2 and in Fig. 4.1, the absorptance of BSi is ascertained by Kirchhoff's Law of thermal Radiation:

A t = 1 -R t -T (4.3)
where, A t is the (t)otal absorptance, R t is the (t)otal reflectance = specular + diffuse reflectance and T is the transmittance. Here the considered specular reflectance is at an angle of 15 

Implications of Radiative Properties on the Topography of BSi

The definitive effect of doping on the morphology of BSi is further illustrated by subsequent results of the total absorptance on two different samples of black silicon fabricated by cryogenic plasma etching [5]. These samples result from two wafers having low ˜1 × 10 15 cm -3 and high ˜5 × 10 19 cm -3 levels of doping. These 

Comparison of Experimental Characterisation with Simulation Results

Validation of Numerical Models

The measurements conducted were compared with the simulation results to ascertain the complacency of the numerical models employed and to authenticate

Comparison of Experimental Characterisation with Simulation Results

the observations made in 3. The validity of the models employed is illustrated by the perfect concurrence as seen in the case of Flat Si in Fig. 4.12(a) and in case of highly doped BSi, the concurrence differs post 20 µm as seen in Fig. 4.12(b).The distinction between modeling and simulation is essentially due to the fact that a surface with randomised geometry, such as BSi, requires a detailed topographical representation in order to appropriately evaluate its radiative properties. We have already demonstrated how the unique morphology of BSi contributes to its radiative properties in the preceding sections. To resolve the discrepancy between modelled and measured results for BSi, all the morphological details(<H >, p) of a particular section of a fabricated BSi sample must be extracted from its SEM micrograph, and then the model geometrical parameters must be formed precisely according to that particular section, rather than as a biperiodic unit cell as has been done in this work. Though considerations of height variability as a function of average height (<H >) have been included in the unit cell, it still lacks the accuracy of representation required for a complete and precise evaluation of its radiative properties, where the smallest variance in the cone heights is as critical as their mean spacings. In the SEM micrographs, we also have an uncertainty with respect to the cone heights due to the gray scale resolution of the images.

Effect of Doping

The results shown in Fig. 4.2 confirm an increased level of absorptance for the highly doped sample till λ =10 µm as compared to the low-doped sample. However, the broader nature of the absorptance curves for lower levels of doping (here:˜1 × 10 15 cm -3 ) in the higher wavelength range is not observable in the experimental results, at least around λ =10 µm. This result is not very surprising because we already saw and commented from Fig. 3.11 that the decrease of the absorptance in this wavelength range at the lowest doping levels, starting from ˜1 × 10 19 cm -3 (and below).As is observed in the inset of Fig. 

Effect of Topographical Aspect Ratio

As compared with 3.12, the results summarised in Fig. 4.10, we see that indeed the effect of topographical aspect ratio(<H >/p) has a vital and definitive role to We are actually interested in near-normal angles of incidences and therefore there is no conceivable need to go beyond 30 • . In our situation, we are primarily concerned with near-normal incidence angles and this criterion is satisfied since there is little difference in the radiative characteristics of black silicon between 15 and 30 degrees of incidence. 

Effect of Angle of Incidence

Summary

Here, we attempt to show through our experimental work substantiated by modelling techniques as seen in Chapter3, the means of turning silicon into a broadband absorber by taking advantage of the considerably high absorptance of broadband, highly absorbing BSi, by the induction of high levels of doping.

We exploit synergetic effects of prominent geometrical hallmarks induced by plasma-induced surface nano-structuration combined with elevated levels of doping. The result is a highly doped BSi surface. Our experimental findings are understood with the support of simulations using various modelling techniques and grey-level analysis of SEM micrographs. We uncover that these noteworthy radiative properties are due to very particular nano-scale morphological features of the heavily doped silicon; we show how the high aspect-ratio of conical nanostructures plays a crucial role in extending the spectral range over the infrared and how increasing the level of doping enables reaching higher absorptance.

The specific geometrical surface features of heavily doped black silicon illustrate key information regarding the infrared absorptance of BSi. Our experimental and numerical study reveals that there is in fact a trade-off involved in trying to procure a broadband absorber with BSi. Highest level of absorptance is obtained with highly doped BSi, while broader absorptance is facilitated by moderately doped BSi. This striking behaviour is not only ascribed to the high level of doping of the nanostructured surface, but also to the height of the conical nanostructurations, which is a direct consequence of doping. Definitive effects of the angle of incidence was also explored which revealed that BSi IR absorptance under near-normal angles of incidences has little difference but beyond 30 • , there is a steady increase in absorptance. Effects of the mean spacings of the conical nanostructurations have also been explored, only to yield negligible effect on the absorptance of BSi which was a surprising observation. Guidelines are given for compromises to be found if any, regarding the geometrical traits and the doping level, showing how they can be monitored to tune both the spectral range and the absorbance level. For instance, broader spectral ranges are achievable with slightly lower doping levels but at the expense of lower levels of absorptance, still above 90 %.

According to Kirchhoff's law of thermal radiation, spectral emissivity is equal to spectral absorptivity at a given temperature, provided the transmittance is negligible. Consequently, the exceptionally high absorptance levels also translate into high emissivity of doped BSi. Inevitably, such low levels of reflectance in specific infrared spectral ranges for BSi, yield new information regarding the acquisition of an efficient infrared source, employable for various kinds of sensing or for distinct thermal radiation applications such as radiative cooling, broadband absorbers, as well as broadband infrared light sources based on black body emission. 

DIRECT EMISSIVITY CHARACTERISATION OF SILICON BASED METAMATERIALS

In this chapter, following the establishment of an indirect approach for determining the emissivity of BSi at room temperature, we demonstrate the direct emissivity characterisation setup conceived and constructed in the present work

and then analyze the resulting temperature dependent IR emissivity. These findings will pave the way for the establishment of a critical temperature-dependent radiative properties database for BSi that is currently unavailable in the literature, as well as for other materials in the future, which will not only result in significant advances toward material applications in different fields involving their mid IR properties at different temperatures but also a scaleable route towards the development of acquisition of such properties.

Introduction

Emissivity specifies radiation from the sample surface as compared with that from the blackbody at the same temperature for the same spectral and geometrical conditions [1,2]. Emissivity measurements are of great importance for both theoretical and experimental research, in such areas as temperature measurements by radiation thermometry [3,4], the radiative heat transfer between objects [5],

thermal shield of space applications [6], energy efficiency in buildings [7,8] and thermal management of different systems [9,10]. The emissivity values of materials can change drastically depending on wavelength, temperature, emission angle, surface roughness, surface oxidation and other factors [11,12,13,14]. Even for the same material, the emissivity values reported in literature sometimes differ significantly. Therefore, it requires more efforts to realize precision measurements of emissivity. Depending on the technological usage of materials, there are applications requiring the highest possible emissivity values and, in contrast, applications requiring the lowest possible emissivity values.

Definitions

Blackbody

A blackbody is an object that absorbs all incident radiations it receives, regardless of wavelength or direction, and then re-emits them [15]. The re-emitted energy level of blackbodies is solely dependent on the blackbody's temperature, which is an important feature. No surface can radiate more energy than a blackbody at
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a given temperature and wavelength. A blackbody, being a theoretical concept, serves as an optical reference source. An ideal black body in thermal equilibrium has two distinguishing characteristics:

• It is an ideal emitter, emitting as much or more thermal radiative energy than any other body at the same temperature at every frequency.

• It is a diffuse emitter, the energy is radiated isotropically, independent of direction.

A hole in the wall of a large insulated enclosure is an approximate realization of a black surface (an oven, for example). Any light that enters the hole is reflected or absorbed by the body's internal surfaces and is unlikely to re-emerge, making the hole a nearly perfect absorber. Confined in such an enclosure, when the radiation is in thermal equilibrium, the radiation emitted from the hole is the same as that emitted by any other body at that equilibrium temperature.

Radiance

Radiance is the radiant flux emitted, reflected, transmitted, or received by a given surface per unit solid angle per unit projected area in radiometry [15]. These are quantities that point in a specific direction. The SI unit of radiance is the watt per steradian per square metre (W.sr -1 m -2 ), while the unit of spectral radiance in frequency is the watt per steradian per square metre per hertz (W.sr -1 m -2 .Hz -1 ), and the unit of spectral radiance in wavelength is the watt per steradian per square metre per metre (W.sr -1 m -3 )-commonly the watt per steradian per square metre per nanometre(W.sr -1 m -2 nm -1 ). Radiance is used to characterize the diffuse emission and reflection of electromagnetic radiation, as well as to quantify neutrino and other particle emission. Historically, radiance has been referred to as intensity while spectral radiance has been referred to as specific intensity.

Radiance(I) of a source emitting area (A) equals the radiation power (P), which is emitted from A and propagates in solid angle Ω, divided by the area A and the solid angle Ω(see Fig. 5.1): 

I = P/(A × Ω) (5.1)

Planck's Law

Material surfaces can exchange energy in form of radiation. The amount of energy that a surface can emit depends on its temperature and its nature. Planck's law describes the intensity of the electromagnetic radiation emitted by a blackbody in thermal equilibrium at a given temperature T, when there is no net flow of matter or energy between the body and its environment [16].

I 0 (λ, T ) = hc 2 λ 5 1 e hc k B T -1 (5.2)
where h, c, k B and T are Planck's constant, the speed of light in vacuum, Boltzmann constant and the absolute temperature respectively [16].

View Factor

Radiation heat transfer between surfaces depends on the orientation and distance of the surfaces relative to each other, surface areas as well as their radiation properties and temperatures [15]. View factor (or shape factor)(F A→B ) is a purely geometrical parameter that accounts for the effects of orientation on radiation between surfaces.

Taking the limit of a small flat surface gives differential areas, the view factor of two differential areas of areas dA 1 and dA 2 at a distance s is given by [15]: where θ 1 and θ 2 are the angles between the surface normals and a ray between the two differential areas.

dF 1→2 = cos θ 1 cos θ 2 πs 2 dA 2 (5.3)
The view factor from a general surface A 1 to another general surface A 2 is given by:

F 1→2 = 1 A 1 A 1 A 2 cos θ 1 cos θ 2 πs 2 dA 2 dA 1 (5.4)
Because radiation leaving a surface is conserved, the sum of all view factors from a given surface, S i reaching a set of surfaces, S j completely surrounding S i is unity:

n j=1 F S i →S j = 1 (5.5)

Emittance

Every medium continuously emits electromagnetic radiation randomly into all directions at a rate depending on the local temperature and on the properties of the material. The total amount of thermal energy emitted per unit area per unit time for all possible wavelengths is referred to as emittance (or emissive power) [15].

The total energy radiated increases with temperature, according to Planck's law,
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while the peak of the emission spectrum shifts to shorter wavelengths. The energy emitted at shorter wavelengths increases more quickly as temperature rises [15].

We distinguish between total and spectral emissive power (i.e., heat flux emitted over the entire spectrum, or at a given spectrum, or at a given frequency per unit frequency interval) so that: spectral emissive power, E ν = energy emitted per time/per surface area/frequency, total emissive power, E t =energy emitted per time/per surface area.

It is clear from their definitions that the total and spectral emissive powers are related by:

E t (T ) = ∞ 0 E ν (T, ν)dν (5.6)

Emissivity

For a given material, the spectral intensity is weighted by a coefficient between 0 and 1 and called emissivity, denoted as , which is defined as the ratio of a body's emissive power to the emissive power of a perfect black body at a given temperature. This coefficient can depend on the wavelength, the angle of incidence and the temperature: (λ, T, θ, φ) [15].

Emissivities are classified according to the spatial and spectral domains of the radiation. We call total emissivity the emissivity calculated over the whole spectrum and monochromatic emissivity the emissivity calculated for a single wavelength. We call hemispherical emissivity the emissivity calculated for all directions and directional emissivity that is calculated in one direction [15].

There are particular cases in radiation calculations such as [15]:

• Diffuse surface also called a Lambertian source is a surface whose properties are independent of direction.

• Gray surface is a surface whose properties are independent from wavelength.

Therefore, the emissivity of a surface that is both gray and diffuse is the total hemispherical (or simply the total) emissivity of that surface.

Introduction

Before we begin on the definitions of different emissivities: the notations m, represents materials and that of 0 represents that of the blackbody. Likewise, E represents (E)missive power, while I represents Radiance or (I)ntensity. Here, it is customary to describe the direction vector in terms of a spherical or polar coordinate system, to describe directionality in understanding emissivity calculations. Consider a point P on an opaque surface dA radiating into another medium, as shown in Fig. 5.3. An arbitrary emission direction from the surface is specified by the unit direction vector ŝ, which may be expressed in terms of the polar angle θ (measured from the surface normal n) and the azimuthal angle ψ(measured between an arbitrary axis on the surface and the projection of ŝ onto the surface). It is seen that, for a hemisphere, 0 ≤ θ ≤ π/2 and 0 ≤ ψ ≤ 2π.

Directional monochromatic emissivity

Directional monochromatic emissivity denoted as (λ, T, θ, φ) is the ratio between the radiative intensity of the material and that of the black body for a given direction and wavelength at the same temperature (T) [15]:

(λ, T, θ, φ) = I m (λ, T, θ, φ) I 0 (λ, T ) (5.7)
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I 0 does not depend on the direction for a black body.

Lambertian sources have an emissivity which does not depend on the orientation and therefore does not depend on φ and θ. For smooth surfaces this emissivity may depend on the polarization of the light [15].

Hemispherical monochromatic emissivity

Hemispherical monochromatic emissivity is the ratio between the surface power density radiated by the surface of the material studied by the surface power density radiated by the black body for a given wavelength, at the same temperature and in all directions corresponding to the hemisphere above the source [15]:

(λ, T ) = E λ,m (λ, T ) E 0 λ (λ, T ) = 2π 0 π/2 0 I m (λ, θ, φ)sinθcosθdθdφ πI 0 (λ, T ) (5.8)

Total directional emissivity

The total directional emissivity is the ratio between the radiative intensity radiated by the surface of the material by that which is radiated by the black body over the entire electromagnetic spectrum and for a given direction [15]:

(T, θ, φ) = λ I m (λ, T, θ, φ)dλ λ I 0 (λ, T )dλ (5.9)
This value of the emissivity interests users of thermal cameras. This calculation or this measurement of emissivity can be done in a wavelength band identical to that of the camera or in a given spectral band(λ 1 , λ 2 ) [15]:

(T, θ, φ) = λ 2 λ 1 I m (λ, T, θ, φ)dλ λ 2 λ 1 I 0 (λ, T )dλ
(5.10)

Total hemispherical emissivity

The total hemispherical emissivity denoted as t is the ratio between the total hemispherical emittance of the material by that of the black body for all the wavelengths at a given temperature and in all directions corresponding to the hemisphere above the source [15]:

t = λ θ I m (λ, T )dλdθ λ θ I 0 (λ, T )dλdθ (5.11)
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It is this emissivity that interests thermal energy researchers to carry out thermal balances of opaque walls. It makes it possible to calculate the radiative exchanges of a surface brought to the temperature T.

In the subsequent sections we will employ the definition of spectral hemispherical emissivity and we maintain that the view factors of our sources-namely the blackbody and the constructed sample source are the same, as the surface area of emission and the distances for both the sources from the detector are identical in our experiments, which simplifies emissivity calculations.

Methods of Emissivity Measurements

Basically, the methods for emissivity measurements can be broadly classified into two types: indirect method [17,18,19] and direct method [20,21]. The method is direct, if the emissivity is obtained by comparison between the radiation emitted by the sample and a blackbody radiator; indirect, if the reflectivity and the transmissivity of the sample is measured, and the emissivity is calculated by using Kirchhoff's law. The integrating sphere is the most commonly used indirect method for emissivity determination at room temperature [22,23]. However, this method is limited by the technical difficulty in integrating sphere, which is unavailable at high temperatures. Direct measurements of total emissivity [2] are made calorimetrically [24,25,26,27] or radiometrically [28,29,30] In calorimetric emissivity measurements, the rate of radiant heat transfer from a sample is measured in terms of the heat lost by the sample. The ratio of the measured rate of heat transfer to that of a blackbody radiator under the same conditions is the emissivity. The evaluated emissivity is usually the total hemispherical emissivity.

Meanwhile direct radiometric emissivity evaluations are made by measuring the intensities of a heated specimen by an FTIR spectrometer and of a blackbody at the same temperature as that of the sample under the same spectral and geometric conditions, and by computing the emissivity as the ratio of the two intensities.

The direct method based on the definition of the emissivity is the most common method to determine emissivity.

A laboratory blackbody [12,31,32,33,34,35,36,37,38,39,40](commercial or developed in-house), or possibly some other source of radi-
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ation with a known high spectral normal emissivity [33,41], should be used as the reference body. The intensity of the reference body is detected either at the same time as the surface intensity of the real body at the same temperature, or the reference body is employed as a calibration source of radiation for the calibration of the detection system. In the second instance, the surface intensity of the real body is detected after the calibration process.

Direct radiometric methods enable the measurement of directional spectral emissivity [12,31,33,35,38,42,43] or hemispherical spectral emissivity [44,45], in a wide or narrow wavelength range, and directional total [41,46] and directional band [47,48,49,50] emissivity. Directional emissivity is determined under the fixed or variable angle. The mentioned quantities can be determined in the temperature range from -60 • C to 2700 • C. The measured quantity is also dependent on the applied detection system as well. The methods differ in basic arrangement, sources, systems of sample clamping and heating, sample surface temperature measurement, and detection systems, etc. In relation to the analyzed material, sample dimensions, temperature range, and so on, it is possible to choose a proper instrument or, in the case of the development of a new experimental setup, to choose a proper subsystem. Spectral emissivity in a wide wavelength range is measured by dispersive [51,52,53,54,55,56] or Fourier-transform spectrometers [21,31,33,35,42,57,58]. In recent years, the Fourier transform infrared (FTIR) spectrometer as the powerful infrared emission detection system in direct emissivity measurements has received much attention due to its high precision, high flexibility and good spectral resolution. The spectral emissivity in a narrow wavelength range are determined by selective detectors [29,36,37,59,60,61],

(narrow-band and wide-band non-contact thermometers as well as interference filters). The total emissivity is measured by using total detectors [41] (e.g., thermopiles). The general advantage of direct radiometric methods is specifically the capability to measure directional spectral emissivity. The disadvantage of the methods is the necessity to ensure the same temperature of the real body surface and the reference body, the homogeneous temperature field of the detection area of the surface, accurate temperature measurement of surface temperature, and

(especially in the case of non-metallic samples) the zero temperature gradient

Direct emissivity measurement setups in literature

across the sample thickness (radiation emitted from the depth). The methods for experimental determination of emissivity by radiometric measurements have primary applications in theoretical physics and thermodynamics investigations.

On the other hand, these methods may be important in many other applications, such as remote sensing, planetary research, and exploration.

Direct emissivity measurement setups in literature

As early as 1958, the spectral emissivity of tungsten was determined by Robert D Larrabee [62], by virtue of using a blackbody in comparison as shown in Fig. 5.4. In this experimental setup,the radiant intensity from a tungsten source was compared with the radiant intensity from an approximate blackbody source. The approximate blackbody source consisted of a hollow tungsten cylinder. This tungsten cylinder had a hole of 13-mil diameter in its lateral surface to serve as the source of blackbody radiation (see Fig. 5.4). When the cylinder is heated to incandescence by the passage of a well-regulated direct current, the small wall thickness ensures that temperature differences that develop between the inside and outside wall surfaces will be negligible. Therefore, a spot selected on the outside surface of this tungsten cylinder could be utilized as the tungsten source.

Since the above-mentioned setup, in the various methods that have been discussed in literature, the predominant usage in radiometric direct emissivity measurements are mostly coupled with spectrometers and in some cases with thermocouples or infrared thermography techniques.

For instance in the work by Kisler et. al [63], as seen in Fig. 5.5, the technique used to measure emissivity was a narrow-band direct emissivity technique. The sample was heated to the temperature of interest and the intensity of its thermal emission was measured directly. The heart of the radiometric method is a calibrated sensor. Collection optics and a wavelength discriminator are also needed for this method. The collection optics project an image of the emissive surface onto the detector. The discriminator (a band-pass filter) selects the range
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Figure 5.5: Schematic of setup used in [63] integration time and calibration remained valid for all integration time values.

In the work of Zhang et. al [64] an experimental apparatus based on the improved measurement method is developed from del Campo's work [33]. This experimental apparatus covers the spectral range between 5 and 20 µm and temperature region from 373 to 673 K. The improved method effectively enhances the measurement precision through the multi-temperature calibration method for robust spectral response function and the compensation disturbances caused by background radiation. An improvement of an earlier version [65], the work of Zhang et. al [64], uses an FTIR spectrometer, which was calibrated by using the multi-temperature calibration method, and emissivity measurements were performed as seen in Fig 5 .6. Here, a high temperature and a low-temperature blackbody was used as references and an optical assembly of parabolic mirrors and a plan flipping mirror was used to direct the radiation towards the detector.

The entire sample chamber and the optical assembly was inside a vacuum enclo-
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sure, so as to ensure minimum signal losses, thus removing the contributions of ambient air. For the response function, only the calibration with the bigger time separation has a noticeable change, which can be related to a controlled change in the equipment configuration. Therefore, taking into account the high stability of the calibration, it is not necessary to perform the calibration for each emissivity measurement [66]. In this study [64], a daily calibration procedure is performed to ensure the measurement accuracy and stability. A direct application of the work of Zhang et. al [64], can be found in the work of Arrieta et. al [67], which reports on the upgrades made to the direct emissivity measurement facility made in [33]. The instrumental improvements consist of, among others, a high-vacuum system and a wider temperature range (300- The work of Hatzl et. al [68], proposed a new facility for the measurement of the normal spectral emissivity of solid materials for high-temperature applications, that was developed. The measurements are performed under atmo-
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spheric conditions. The facility covers the temperature range between 500 • C and 1350 • C and wavelengths between 0.6µm and 15µm. The principle of operation involves the spectral hemispherical emissivity comparison of a test sample with a reference blackbody. The optical characteristics of the blackbody and the sample surface temperature determination are discussed in detail. Furthermore, measurement results of the quasi-reference material (silicon-carbide) are presented to validate the measurement method. The radiation sources comprise two identical, temperature-controlled, thermally insulated electrical resistance heaters containing the test sample and the blackbody cavity, respectively. Sample and cavity heating inside the heaters occur radiatively and convectively. To minimize measurement errors and to reduce the optical complexity of the setup, the optical paths of the sample radiation 'beam' and the reference cavity 'beam' are designed identically, i.e., the heating units are alternately brought into a measurement position with a translational stage. Therefore, the radiation from the sample and the cavity can be measured consecutively. While Fu et. al [69] developed a new methodology to simultaneously measure the directional spectral emissivity and the temperature of samples with diffuse surfaces at high temperatures using a radiation heating source with different spectral ranges and multiple wavelength measurement, Zhang et. al [70],

developed a new experimental apparatus for near-infrared spectral emissivity measurements which consists mainly of the following four parts: sample heating system, blackbody furnace, optical system, and data acquisition system. The details of the setup can be seen in Fig. 5.9.

On the other hand, Herve et. al [71] and Ma et al [72] presented a direct measurement method for optical properties of different materials at cryogenic temperatures. In the work of Herve et. al [71] the measurements are taken from 20 K to 200 K. It has been developed within the framework of the design of Planck program. The equivalent temperature of the observed radiation is about 3 K and the telescope baffle temperature should not exceed 60 K in order to work properly.

In the work of Ma et al [72],an apparatus, composed of a Fourier transform infrared spectrometer (FTIR), a sample cooling chamber and a mechanical modulation
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Figure 5.8: Schematic of measurement setup of [68] system was demonstrated to measure low temperature infrared spectral emissivity under vacuum. The mechanical modulation system, which includes a chopper and a lock-in amplifier, is employed to reduce the interference of background radiation during measurements. The limitation of the Fourier transform frequency on the chopper frequency can be eliminated by setting the FTIR on step-scan mode.

The apparatus is separated into two parts and evacuated by different pumps.

In this study, a high quality emission spectrum of a sample is measured by the apparatus. The spectral emissivity of thermochromic materials are obtained in the wavelength range of 8 to 14 µm at 173 and 213 K. The combined standard uncertainty of the apparatus is 3.30% at 213 K.

In the work of Rakrueangdet et al [73],the technique to measure the band emissivity using the infrared detector with a band pass filter of 7.5 to 14 µm, has been demonstrated. The experimental setup consists of an infrared camera, K-type contact thermocouples, a tripod, a water bath, aluminium plate, a black tape, and an environmental control chamber. Three types of reflective engineering materials including aluminium, stainless steel, and copper are tested using this technique.The proposed technique, which is easy to operate, can be an alternative method for measuring the emissivity of reflective materials. However, care must be taken in selecting the location the infrared camera, the material for lining internal surface of an environmental control chamber, and the temperature of chamber surface.

In the work of Furukawa et. al [29], an apparatus of the radiometric
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Figure 5.10: Schematic of measurement setup of [73] emissivity measurement of a metal has been developed. The apparatus possesses some features that it can keep a metallic sample under specific conditions such as vacuum, oxidizing, and deoxidizing atmosphere. Using the apparatus,the spectral (from visible to 10 µm infrared wavelengths) directional(normal and 80 • )and polarized emissivities (p and s polarized) of metals can be measured and can be utilized to investigate the behavior of the emissivity of the specimen. In this work, the concrete design of the apparatus is described and some examples of measurements of emissivities under some specific conditions are introduced. The peculiar behaviors of the emissivities of a metal in the early stage when the oxide film is grown on its surface are discussed.

In the work of Takasuka et. al [74], normal spectral emissivity of liquid Si was determined by direct measurement of thermal radiations from a surface of the Si melt and a blackbody cavity, while in the work of Kobatake et. al [75] the normal spectral emissivities of liquid iron and nickel were measured for wavelengths of 780 to 920 nm by direct measurement of normal spectral x intensity
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using electromagnetic levitation in a direct current (DC) magnetic field. A DC magnetic field suppressed surface oscillation and the transitional motion of the liquid metal droplets. The experimental uncertainty used here is double the value of the standard deviation. In a separate work, Kobatake et. al [76], measured the emissivity of molten copper with the identical experimental setup. The setup is shown in Fig. 5.11, which considers a multichannel spectrometer with a grating monochromator covering wavelengths of 530-1100 nm, used for intensity measurements. The spectrometer was calibrated by determining the relation between spectral intensity and output intensity of the spectrometer using a standard light source of quasi-blackbody made of graphite. A sample was placed at the center of the levitation coil, which was connected to a high-frequency power source (frequency range, 150-450 kHz, maximum power 10 kW, Easy Heat 8310; Ameritherm Inc., New York, USA) in a chamber. The optical system consists of a window, a collective lens, and a beam splitter. The same optical system was used for measurements of both intensities of the quasi-blackbody and the silicon droplet. A diaphragm (2 mm diameter, 50 mm length) was placed at about 750 mm above the quasi-black body or levitated liquid silicon to obtain its normal intensity. After setting the sample, the chamber was evacuated using a rotary pump in combination with a turbomolecular pump to obtain a vacuum level of 10 -2 Pa. After vacuuming, the chamber was purged with Ar-5% H 2 gas to prevent evaporation and oxidation of the sample. A fiber-coupling type CW laser diode (wavelength 807 ± 3 nm, NBT-S140-mk II; Jenoptik Laserdiode Japan Co.

Ltd, Tokyo, Japan) was connected to the glass fiber holder. The silicon sample was preheated using laser irradiation up to a temperature at which the electrical resistivity was sufficiently reduced to levitate the silicon using the applied electromagnetic force. After levitation of the silicon droplet, the fiber laser was detached. Then the spectrometer was alternately connected to the optical system with glass fiber. Measurements were conducted in an Ar-5% H2 gas flow atmosphere. He gas was then introduced to the chamber as a cooling gas to control the silicon droplet temperature. A dc magnetic field of 5 T was imposed to suppress the surface oscillation and translational motion of the silicon droplet using a superconducting magnet. The normal radiation from the silicon droplet was measured using the spectrometer through the same optical path as that used for 5.2 Direct emissivity measurement setups in literature the spectrometer calibration. The center of the optical alignment was adjusted to the center of the sample or the quasi-blackbody using a CCD camera equipped to the optical system. The sample temperature was measured using a singlecolor pyrometer, which was also used for the quasi-blackbody measurement. The pyrometer was calibrated using the melting point of silicon. We have found in literature also, the work of Especel et. al, [77], who proposes a workable setup without the use of an absolute reference. Several new periodic methods suitable for total emissivity measurements are presented. First it is shown that the modulation of the radiative intensity of a sample allows direct emissivity measurements, even at low temperature, with an ordinary equipment involving no cooled vessel. It can be seen that periodic radiometry makes it possible to separate a modulated emitted flux and a non-modulated reflected one.
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Although sample temperature amplitude is very low, suitable signal processing yields accurate measurements of corresponding IR signal amplitude. For instance, total normal emissivity measurements have been carried out at room temperature on metal samples such as gold and aluminum with emissivities below 0.03. The equipment was quite standard, involving no cooled vessel. Each trial was less than 10 min long, sample temperature modulation amplitude being about 0.6°C peakto-peak. Though the steady-state reflected flux was far greater than the emitted one, the sample emissivities were obtained with an absolute accuracy better than 0.01. Very accurate measurements have been performed within a few minutes at room temperature, on reflective materials. Second, it is shown that indirect total emissivity measurements are also feasible, provided source and sample temperatures are equal. This condition can be fulfilled with a modulated temperature hemispherical gray surface as IR source, or in a simpler way, with a mobile part of a hemisphere. Third, it is shown that if both sample and source temperatures are modulated, simultaneous direct and indirect measurements can be carried out. This results in an absolute emissivity measurement without reference. As an experimental validation, simultaneous direct and indirect measurements of the total directional emissivity are carried out on three samples at room temperature.

Periodic radiometry methods are found to be reliable and accurate, emission and reflection measurements giving the same result.

Computation of the analysis of calibration methods and uncertainty determination in the emissivity determination setup has already been done extensively in the work of Gonzalez et. al [66] and in the work of [78]. A thorough analysis of the accuracy of methods of direct emissivity detection have also been described in the work of [79], where a systemic error analysis has been done.

Direct Emissivity Characterisation in the

Present Work

Experimental Setup and Protocol

In the present work, a first version of a direct emissivity setup for acquisition of spectral hemispherical emissivity has been realised, within which improvement
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is still ongoing. Here the experimental scheme is based on [67] and comprises of a geometrical configuration described schematically in Fig. 5.12. It consists of a Fourier-transform infrared spectrometer (FTIR), a sample heater, a reference blackbody ( in our case, a LANDcal blackbody source, R1200P) and an optical assembly comprising of two parabolic mirrors and a plane mirror that allows switching between the blackbody source and the sample heater assembly by the rotating plane mirror. The constitutent elements of the setup have been enumerated below:

• FTIR Detector

• Parabolic Mirrors

• Blackbody

• Sample Heater

The FTIR is a PerkinElmer Spectrum 3 spectrometer capable of measur- for the two sources, the same.

Standard Procedure

The measurement method used in [67] has been deemed the most accurate of the simplified direct radiometric methods [79]. Therefore, the spectral intensity coming out of the sample source can be described by a simple combination of the self-emitted sample radiation and the blackbody radiation from the surroundings:

L * = εL s + (1 -ε)L sur (5.12)
where L * is the effective spectral intensity, ε is the spectral emissivity of the sample, L s is the blackbody spectral intensityof the sample, and L sur is the blackbody spectral intensity of the surroundings, which in the present case comprises of ambient air, aluminum and the heated FR4 material. Thus the emissivity is defined as:

ε = (L * -L sur )/(L s -L sur ) (5.13)
On a final note, Eq.5.13 is applicable only when there are no additional (parasitic) intensity signals different from that of the sample that need to be filtered out.

Direct Emissivity Characterisation Calibration

In order to elucidate and minimise the losses incurred in creating the optical assembly(see Fig. The resultant spectral hemispherical emissivity is then calculated for the Kirchhoff's Law, the emissivity is equal to the absorptance when all other spectral quantities are evaluated. It is observed, that the shape of the absorptance curve is not followed but the upper and lower limits of the entire spectral emissivity follows the absorptance limits within ±5 %.

As also observed in both the spectral intensities, the spectral emissivity of BSi houses the background spectra which contains air and other gaseous element spectra added to the radiation from the highly reflecting aluminium tube, which might be heated. In comparing the spectra of Aluminium and humid air at room temperature, we observe that in fact, the various peaks highlighted in Fig. 5.17 are an atmospheric footprint coming from these contributions. Unfortunately, due to the unavailability of spectral data matching the identical experimental conditions of the present measurement setup, these contributions cannot be isolated from the emissivity spectra. The only solution would be to subject the entire source and constructed optical assembly, to a carefully manufactured vacuum enclosure and ensuring that the Aluminum tube is cooled, to reduce the irrelevant spectral radiation.

With Constructed Optical Assembly

First, the temperature dependent measurements have been taken for the blackbody source with the flat mirror towards the source direction fixed at an angle of 45 • . Then the same measurements have been taken for the sample source when the flat mirror is rotated 90 • . The horizontality and orthogonality of both the sources have been taken care of by adding rigid plates on the side surfaces of the sources which coincide with the optical table positional holes. In order to minimise relative errors, an average of 20 trials have been taken so as to provide an accurate recording of the spectral intensity. The spectral intensities have been recorded by taking into account the background spectra as well as we are not operating under vacuum. Kirchhoff's Law, the emissivity is equal to the absorptance when all other spectral quantities are evaluated. It is observed, that the shape of the absorptance curve is not followed but the upper and lower limits of the entire spectral emissivity follows the absorptance limits within ±5 %.

Comparison

To compare the performative functions and to see whether the two different techniques give us comparable emissivities for the same low doped BSi sample, the spectral temperature dependent emissivities with and without the constructed optical assembly is shown in Fig. 5.21. Here it is seen clearly, that the shapes of the entire spectral emissivities is consistent with each other but there is a loss of signal within a margin of 9%. We have also compared the obtained spectral emissivity of the low doped sample of BSi to that with literature [39], as shown in Fig. 5.22. Here the difference to be noted is that sample considered in literature is a sulphur doped sample whereas our BSi sample was doped with phosphorous.

The experimental setup described in the literature [39], also do not consider a vac- uuming condition, hence the atmospheric conditions of both the measurements are not at all same. It is observed that there is a clear difference in the emissivities of both the samples, but the range is consistent. A difference of the order of 5% is seen. This is a check on our part to consider our measurements part of a consistent benchmark as described in literature. 
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Challenges and Perspectives

There are a motley of challenges involved in constructing and developing a direct emissivity characterisation setup. Among the principal challenges are the cannot be compromised and has to be identical in order for the comparisons between the spectral intensities of two sources to be made. In our setup as shown in Fig. 5.12, the optical assembly has been constructed using two identical parabolic mirrors and a flat mirror. The flat mirror rotation
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which enables switching between the two sources, is limited to two positions only. This also ensures that no source is displaced and by handling the mirror alone the recording of the spectra can be done. The alignment of the mirrors have been checked at first with a visible light source and then with two different infrared sources to ensure that their optical path length is the same. Since we are concerned with spectral hemispherical emissivity of the materials, any angular deficiency in the optical pathway cannot be compromised, also to ensure that the measurements are non-directional.

But the entire optical path has not been subjected to vacuum which is why background radiation have their imprint in the signals recorded. This vacuum chamber with the possibility of putting the entire set of mirrors and the sources in place, would eliminate irrelevant signals and ensure that the two source signals are the ones that are recorded by the FTIR. The other source of signal error, would be the reflecting Al tube connected to the two sources which is not connected to a cooling network, which opens the signal coming through the tube to house the heated (very low) emission of Al at higher temperatures. Once the cooling network is done, the signals from both sources would only house relevant spectral radiation.

• Repeatability and check on inhomogeneity of measurements: Repeatability of measurements in such a sensitive setup which is susceptible to smallest of changes in position, has to be ensured. The idea is to ensure definite checks at every step of the measurement, to check for positional stability, orthogonality of signal capture and also to ensure identical path length for both the sources. These checks were placed by virtue of physical elements in position and also by rechecking all sub-part distances in the entire setup before each measurement.

• Accurate temperature control, sample heater construction with minimal signal irrelevance and high temperature reaching capability: Robust and accurate control of temperature is a key requirement in this setup for both the sample heater and the blackbody source. The commercial blackbody source has its own temperature control inputs and in our 5.4 Challenges and Perspectives case the LANDCAL blackbody provides a regulated temperature control so as to ensure minimal inconsistency. Though if the temperature could be programmed for a set of measurements, it would be ideal. For the sample heater in our setup, the accurate temperature control has been achieved by localised heating of the sample by virtue of manufactured PCB and by supplying tailored and controlled electric current. Joule heating by PCBs have been described in literature to ensure spatial and accurate heating of samples but unfortunately it cannot go beyond 125 • C with traditional FR4 materials. With ceramic PCBs it can reach upto 500 • C, but there is an underlying issue of the emission from the ceramic itself. We had observed in our sample micro-heater chamber (namely, NEXTRON), that the sample signal coming as a result of heating the sample by the ceramic heater is an amalgamation of emission from the ceramic and the sample. To minimise heater contribution to the emitted radiation from the sample source, a special ring heater has to be designed and also to ensure the sample is heated to high temperatures. The compatibility of the ring heater to the vertical alignment of the setup is also heeded to and the accurate control and check on temperature with the help of high-precision thermocouples.

Based on the above challenges encountered, the following developments in the experimental setup has been envisioned:

• A sample ring heater that can reach up to 500 • C to minimise heater contribution to the emitted radiation from the sample source and to reach beyond 125 • C.

• A vacuum chamber with pumping facility for the entire optical path with sub-sources in place so that it is lossless and the recording of the spectra contains no imprint of background radiation.

• A cooling channel over both the source Al tubes to ensure that the radiation from both the sources are not contaminated with high temperature Al emission as minimal as it might be and so that only relevant sources are at elevated temperatures and other components are cooled.
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Having said that, a statistical analysis of several uncertainty sources has to be done to ensure the expressions are correctly evaluated. Spectral intensity measurement expressions might be required to be modified in order to account for additional measurement parameters and improve its reliability. The various sources of uncertainty has been elucidated in Table 5.1, where each uncertainty has to be evaluated separately for measurement accuracy and robustness. 

Summary

In this chapter, a direct emissivity acquisition setup has been created, direct characterisation of temperature dependent spectral emissivity of BSi and the de- 
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the emissivity is equivalent to the absorptance when all other spectral quantities are evaluated, according to Kirchhoff's Law. The accurate shape of the absorptance curve is not followed, but the upper and lower limits of the total spectrum emissivity are within 5% of the absorptance limits. These results are highly promising as they not only provide an insight to how metasurfaces like BSi react in high temperatures but also deliberate on the missing radiative properties database from which a variety of thermal radiation applications can be fathomed.

The BSi spectral emissivity encompasses the background spectra, which includes air and other gaseous element spectra, in addition to the minimal radiation from the highly reflective aluminum tube, which may be heated. Unfortunately, these contributions cannot be extracted from the emissivity spectra due to the lack of spectral data matching the identical experimental parameters of the current measurement setup. Several developmental issues have been brought to attention like to ensure signal relevance, a sample ring heater capable of reaching temperatures of up to 500 • C, a vacuum chamber with pumping capability for the full optical path and sub-sources in situ to provide lossless spectral recording with no imprint of background radiation and finally a cooling channel network over both source Al tubes to ensure that radiation from both sources is not polluted with high temperature Al emission, as minimum as possible, and that only relevant sources are at elevated temperatures while other components are cooled. Addressing these issues in future measurements will mitigate majority of discrepancies and help the setup in achieving its fullest potential and objectives.

Bibliography 6.1 Introduction

In the earlier chapters of this thesis, the radiative optical properties of silicon metasurfaces have been demonstrated. In the case of BSi, the effect of high level of volume doping has been studied intricately, that is the effect of a uniform doping concentration within the bulk of the silicon substrate. In order to gain momentum from the aforementioned conclusions regarding the material's absorptance which was achieved as a result of doping, we ventured further into the implications of doping trying to answer whether the effect of doping which causes BSi to have high IR absorptance is a volume effect or can it be achieved by surface doping alone. An important question is whether surface doping is sufficient or not to achieve ultra-broadband absorption. We raise this question because of the dominant surface effects in plasmonic phenomena as well as the rather thin layer of surface nano-structuration which turns silicon into black silicon. This brings us to the in-depth exploration of surface doping via ion-implantation on BSi, which allows reaching high concentration levels only at the substrate surface within a thickness not exceeding 1 µm and even lower. Akin to volume doping, in ion-implantation, an easy and precise control of dosage, dopant and depth of ion concentration could be achieved. Previous studies in literature particularly in visible range offer different fabrication techniques [1,2], advanced approaches of passivation [3,4] as possible avenues to improve BSi absorptance. But surface doping on a non-periodic nano-structured surface like BSi has not been explored till date, hence our additional motivation to conduct this study.

Surface Doping in Black Silicon

Introduction

Various methodologies have been demonstrated with BSi as a host for enhancement of the material radiative optical properties like gold nano-particle assisted BSi substrates for mass spectrometry imaging [5,6], optical tweezers [7] and broadband absorption [8], silver-coated BSi for enhanced Raman scattering [9,10], BSi on stainless steel foil for broadband absorption [11] , etc. Other than various material combinations, doping on BSi has been demonstrated in literature as an alternative option for obtaining enhanced radiative optical properties [1].
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While previous studies on doped B-Si, typically centered on recombinant strategy mitigation, including additional texture changes [1,2], advanced approaches of passivation [3,4] or on a shift to more extensive micron-scale features [12], more recently, without any need for additional surface functionalization or complicated fabrication techniques, high-level bulk doping of BSi has been shown as a scalable route towards obtaining broadband absorbers [13,14]. Not only were the impacts of doping studied but a thorough investigation of its morphological implications on BSi surface have also been provided [13]. While the synergetic effects of bulk doping on BSi have been accounted for in literature, surface doping has not yet been explored. As has been demonstrated in the literature, surface doping can be a powerful and economical way to modify the electronic properties of silicon, without no need of bulk doping and harboring the flexibilities of independent control of the dosage of dopants and depth distribution [15]. Among a motley of surface doping processes, ion implantation has emerged as the dominant technique [16].

Ion implantation is a material surface modification method in which ions of one material are implanted into another solid material, resulting in a change in the physical and chemical properties of the materials' surfaces [16,17,18,19], without altering their bulk material properties. Ion implantation is a 'top-down' approach to semi-conductor doping, widely used because of the ease of the ion energy selection and surface mask application in the depth and spatial distribution of doping substances [19]. Ion implantation is practically unique among semiconductor-processing procedures in that process parameters such as concentration and depth of the required dopant are specified directly in the equipment settings for implant dose and energy, respectively [16]. This contrasts with the chemical vapor deposition, which involves complex functions in adjustable settings including temperature and flow rate for the desired parameterization such as the thickness and density of film [16]. Because it ensures high doping uniformity across broad areas, this technique has been thoroughly investigated and has become the workhorse in microelectronics. As a result, most silicon solar cells and visible range Si sources use ion implantation [20,21,22,23,24,25,26,27]. There is also a scanning system that allows the ion beam to scan over the wafer surface.

PERSPECTIVES

Methodology

Ion-Implantation on BSi

Taking all of this into account, we attempt to uncover the effects of surface doping more specifically ion-implantation on the radiative optical properties of BSi.

The ion implantation process is mainly determined by the following five parameters: dopant species, ion beam energy, implantation dose, and tilt and twist angles. We have considered 12 undoped silicon wafers -6 of p-type and 6 of n-type, which have been subjected to various degrees of ion-implantation based on 3 principal parameters namely-the type of dopant(Boron or Phosphorous), ion beam energy(KeV), and implantation dosage(atm/cm 2 ). The wafer and ion implantation details have been shown in Table 6.1. The ion-implantation process involved in this work follows a plasma immersion ion implantation module where accelerated ions are extracted from plasma by using a high voltage pulsed DC or pure DC power supply and directing them into a suitable substrate with a semiconductor wafer placed over it to implant it with appropriate dopants which in this case is Boron or Phosphorous [28,29,30]. The ion implantation has been done by Ion-beam Services(IBS), France, after fabrication of BSi wafers on standard low-doped Si wafers at ESIEE Paris. The fabrication of BSi has been done

following the same procedural route as has been described in Chapter 2. All these parameters have been considered to comprehend their impacts on BSi radiative optical properties and to enable a tuning route for obtaining a suitable IR photodetector.

Measurement of Radiative Optical Properties

The radiative optical properties, namely reflectance and transmittance of all the fabricated ion-implanted BSi samples have been measured using a Perkin-Elmer FTIR spectrometer from 1 to 25 µm at room temperature.

Simulation of Dopant Concentration and Quantitative Analysis using Skin Depth

In order to better illustrate our stance with determining the optimum dosage and how exactly surface doping impacts the radiative optical properties of these samples, we have extracted simulation profiles of dopant concentration across the On the basis of the obtained concentration profiles, we have also extracted the threshold depth after which the ion-implanted BSi fails to retain the highest concentration level of the order of 10 19 at/cm 3 represented in this chapter as d. Since we are primarily interested in values of doping ≥10 19 cm -3 , this
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depth is an important benchmark in establishing an optimum dosage condition for maximum absorption of radiation at the substrate surface level with less than a depth of 1 µm.

We also define a revised definition of this threshold depth denoted by d*, for samples of wafers having lowest dosage which do not reach the levels of 10 19 at/cm 3 of concentration. Here according to our definition of d*, the available highest concentration level is chosen as the depth threshold. This has been done as a support to previously done calculations on highly dosed samples and so as to not exclude samples having lowest dosage and their radiative properties providing a fruitful and effective comparison.

Thereafter, a quantitative evaluation of the skin depth for each fabricated sample subjected to p-type and n-type doping has been done. Here, by skin depth or penetration depth(δ) we refer to the depth at which the intensity of the radiation inside the material falls to 1/e (about 37%) of its original value at (just beneath) the surface. It can be expressed as :

δ = 2ρ ωµ 1 + (ρωε) 2 + ρωε (6.1) 
where ρ = resistivity of the material ω = angular frequency =2πf, where f is the frequency. µ = permeability of the material, µ r µ 0 µ r = relative magnetic permeability of the material µ 0 = the permeability of free space ε = permittivity of the material, ε r ε 0 ε r = relative permittivity of the material ε 0 = the permittivity of free space

We have evaluated the skin depth for particular values of resistivity for p-type and n-type dopant namely, boron and phosphorous at a highest doping level of 5 × 10 19 cm -3 as this was highest doping level that we have previously shown as the ultimate level of doping for highest broadband absorption, in case of volume doped BSi. This skin depth(δ) has been shown in Fig. 6.3. Once the skin depth for particular values of resistivity for p-type and n-type dopant namely, boron and phosphorous has been done, we proceed to also evaluate the attenuation constant, 1-e (-d/δ) , since the penetration depth of electromagnetic wave at normal incidence on the material is proportional to the attenuation constant. This calculation also enables us to determine and take note of the particular instances when: (a) d <δ;(b) d=δ; (c) d >δ. This not only will give us evidence of how light is absorbed in ion-implanted BSi, but also allude to a scaling route for maximum absorption using the optimum values of implantation dosage and ion-beam energy in a particular range of wavelengths.

Bearing these quantities in mind, we proceed to discuss the results obtained with various ion-implanted samples of BSi. 3, 4 and 5 where the concentration respectively drops from the threshold level of depth values, we proceed towards determining the attenuation constant, 1-e (-d/δ) for all the considered samples as depicted in Fig. 6.5(b). In this figure, the attenuation constant for a maximum depth of 500 µm, corresponding to a bulk substrate, which is the extremum, has also been indicated. As is evident from Fig. 6.5(b), the attenuation constant is the highest for Wafer 1 and progressively drops with decreasing values of dosage and consequently threshold depths, d. Although there is a clear illustration of the effect of high level of dopant dosage, for all considered samples, only the condition of d<δ is reached(cross-refer to Fig. 6.3). Samples of wafer 1, reach a closer value of d = 0.35 µm whose closest match for δ is 0.42 µm. For other samples, the fact that the condition of d=δ is not reached, indicates that the level of dopant dosage is insufficient to have maximum absorption of incident radiation even at the surface level.In the present case, this measure of penetration depth is a vital indicator showing that surface doped BSi is capable of going beyond traditional materials, in retaining the maximum intensity of incident radiation to greater depths. This also establishes the fact that surface doping alone can be employed, in this particular case, to achieve considerably enhanced radiative optical properties in the range 1-5 µm.

Effect of Ion-beam Energy

Apart from the effect of dosage, there is another observable trend.

Among wafers 3, 4 and 5 which have the same level of dosage but subjected to different ion-beam energies, the highest attenuation constant is achieved by wafer 3 which was subjected to the highest energy. This also seen in Fig 6. 5(a), where the threshold depth,d progressively decreases as ion-beam energies decrease for a particular sample. However this is less conspicuously observed in the radiative optical properties of these samples, where the margin of difference in the level of absorptance between wafer 3, 4 and 5 in the whole spectrum of 1-5 µm, is below 0.5%. This leads us into believing that dosage of the dopant is the dominant parameter for controlling absorption in surface doped BSi. In this subsection, we include results from wafers that have the lowest dosage i.e < 10 15 at/cm 2 of the order of 10 14 at/cm 2 namely wafers 2 and 11, of p and n-type wafers doped with boron and phosphorous respectively. tance of Wafer 2 is higher than Wafer 11 and reaches above 30% at 5 µm after a crossover at 2.9µm. This is consequently reflected in the absorptance as seen in Fig. 6.8(c), where the absorptance of samples from Wafer 2, falls from 97% to 87% at 2.9 µm, after which it drops to a lowest level of 65% at 5 µm. The absorptance of Wafer 11, on the other hand drops from 97% to 78% at 5 µm. It is 1-e (-d * /δ) for all the considered samples as depicted in Fig. 6.9(c). In this figure, the attenuation constant for a maximum depth of 500 µm, corresponding to a bulk substrate, which is the extremum, has also been indicated. As is evident from Fig. 6.9(b), the attenuation constant is less than 0.2 for both Wafer 2 and Wafer 11. The attenuation constant for wafer 2 is higher than that of Wafer 11, reciprocating the slightly higher d* that was observed in Taking account of these depth values, we proceed towards determining the attenuation constant, 1-e (-d/δ) for all the considered samples as depicted in Fig. 6.11(c).The attenuation constants for both the samples almost coincide, where the difference is negligible. For both Wafers 6 and 12, the condition of d < δ The lowest reflectance is recorded by samples of wafer 3 and the lowest to highest reflectance hierarchy is changed. At λ= 8 µm, samples of wafer 3 provides the lowest reflectance, as seen in Fig. 6.12(I)(a). But in case of transmittance, as seen in Fig. 6.12(I)(b), the transmittance of Wafer 1 is still the lowest among all p-type wafers doped with boron, whereas the highest transmittance is recorded by the reference sample 100, closely followed by wafers of sample 2, which is the same trend as observed in Fig. 6.4 and Fig. Thus it is clear from the radiative optical properties of the samples discussed in this section, that surface doping is unable to provide for a broadband absorption of incident radiation on BSi, beyond a stipulated value of wavelength which in this case is 5µm. To obtain a highly absorbing BSi surface after 5µm, surface doped BSi is unsuitable, we have to employ volume-doped BSi as seen in we had seen with increasing levels of bulk doping causes the height of BSi cones to increase and the mean spacing reduces as well which in turn impacts the overall radiative optical properties of the material. But in case of surface doping, we do not observe any drastic change in the morphological parameters of BSi. This pushes the fact that morphological change in a random nano-structured material like BSi is specifically, a bulk effect.

Summary

To summarize, it is observed that for n-type and p-type wafers of BSi, surface doping alone can be employed to achieve considerably enhanced radiative optical properties, with the flexibility of independent control of the dosage of dopants and depth distribution within 1-5 µm range of wavelength.Even though it does not lead to the same absorption levels of volume highly-doped black silicon, it offers the flexibility of altering only the surface of the wafer, while keeping low doping concentration in the volume. This capability is very important for numerous applications such as photodetectors and solar cells for instance. 

Parameters Conclusion Effect of Doping

Higher levels of doping corresponds to higher level of absorptance peaks in lower wavelength range along with the no of peaks.

For lower levels of doping, reaching 100% peak absorptance is not realisable.

Effect of Grating Period

Higher grating periods provide pronounced absorptance peaks. Depending on the level of doping these peaks undergo blue/redshift and also rise in amplitude.

higher period of grating to obtain pronounced peaks. The effect of grating period is seen that higher period of grating corresponds to higher absorptance peaks in lower wavelength range. However for, lower values of doping, (>10 20 ) we need to employ a higher period of grating to obtain pronounced peaks. In fact for grating periods above 2µm, it is seen that the peaks undergo a red-shift. Thus to summarise, depending on the narrow regions of the IR wavelength range for tuned selective emission, the appropriate grating period and doping level combination will have to be chosen. If we are working towards a selective emitter in the NIR range, we have to employ a higher level of doping >1 × 10 20 cm -3 and a larger grating period, >6µm to reach an absorption peak that touches the 100% line.

However, for larger periods of grating (e.g 12µm), lower doping levels only gives us an absorption peak, that reaches about 50% absorption.

In case of BSi, we show through EMT simulations that the nonperiodicity and morphological specificity of BSi is instrumental in comprehending its enhanced wide-band absorption of light. After that we proceed towards understanding through sophisticated FEM simulations, the dependence of doping, morphological parameters-topographical aspect ratio and the effect of the angle of incidence, on the absorption of BSi. For the effect of doping, we see that with an increasing level of doping,the absorptance increases in the low wavelength range. In the extreme case of doping, 1 × 10 21 cm -3 the absorptance achieves a near 100% level till = 5µm. However, above = 5µm, quite the opposite trend is observed; the absorptance falls to lower crests. Thus there is a trade-off involved:

for broader but lower absorptance a moderately low doping level is better suited and for highest absorptance but with a corresponding narrow spectral range, a high level of doping is perfect. To further our discussion on the effect of the topographical aspect ratio, we observe that it is in fact a crucial parameter. The effect of increasing conical nanostructurations is seen with a corresponding broader and higher level of absorptance. The ultimate boundaries of extending the near 100% absorptance is made possible across a vast infrared wavelength range till a wavelength λ=15 µm. It is noteworthy that this requires micro-nanostructure heights <H>greater than 9 µm. This is indeed a second key requirement for having a broadband high absorption. Surprisingly, the mean spacings(p) of the BSi conical structurations have no definitive effect on its absorption and this has been studied for a wide range of values of p. This result allows us to conclude that the height <H>matters more than the aspect ratio <H>/p of the conical nanostructures.

We observe in our simulations varying the angle of incidence that there is in fact an elfin impact on the radiative optical properties of silicon: black or otherwise.

All of this has been summarised in Table7.2. These results, thus, gives us a fruitful idea about the design rules for making ultra-black and ultra-broadband 7.1 Summary silicon. Now the next step would be to corroborate our simulation results with the subsequent experimental findings to substantiate our claims regarding the broadband absorption of highly doped BSi.

In this Chapter 4, after having presented the fabrication method employed for producing BSi, we proceed to perform characterisation of BSi samples with the help of reflectance and transmittance measurements that have been elucidated. Finally previously obtained simulation results have been compared with the experimental findings only to find agreeability. We exploit synergetic effects of prominent geometrical hallmarks induced by surface nano-structuration combined with elevated levels of doping. The result is a broadband highly absorbing black silicon surface. We uncover that these noteworthy radiative properties are due to very particular nano-scale morphological features of the heavily doped silicon. We show how the high aspect-ratio of conical nanostructures plays a crucial role in extending the spectral range over the infrared, and how increasing the level of doping enables reaching higher absorptance.

Our experimental and numerical study reveals that there is in fact a trade-off involved in trying to procure a broadband absorber with BSi. Highest level of absorptance is obtained with highly doped BSi, while broader absorptance is facilitated by moderately doped BSi. This striking behaviour is not only ascribed to the high level of doping of the nanostructured surface, but also to the height of the conical nanostructurations, which is a direct consequence of doping and etching time. Definitive effects of the angle of incidence and the mean spacings of the conical nanostructurations have also been explored, only to yield negligible effect on the absorptance of BSi, which was a surprising observation.

Guidelines are given for compromises to be found if any, regarding the geometrical traits and the doping level, showing how they can be monitored to tune both the spectral range and the absorbance level. For instance, broader spectral ranges are achievable with slightly lower doping levels but at the expense of lower levels of absorptance, still above 90 %. An avenue is open for large-scale deployment for numerous applications of such ultra-broadband perfect absorbers based solely on silicon with the rather simple and scalable proposed manufacturing scheme.

CONCLUSIONS

According to Kirchhoff's law of thermal radiation, spectral emissivity is equal to spectral absorptivity at a given temperature. Consequently, the exceptionally high absorptance levels also translate into high emissivity of doped BSi.

Such remarkable properties enable considering doped BSi as a propitious candidate for numerous applications, such as radiative cooling, broadband absorbers including bolometers as well as broadband infrared light sources based on black body emission. Consequently, such low levels of reflectance in specific infrared spectral ranges for BSi, yield new information regarding the acquisition of an efficient infrared source, employable for various kinds of sensing or for distinct thermal radiation applications.

Following the basis of an indirect approach of extracting BSi emissivity, we demonstrate the whole direct emissivity characterisation setup established and developed from the ground-up in Chapter 5, and then proceed to discuss results of temperature dependent IR emissivity derived therewith. These findings will pave the way for the future development of a critical temperature dependent radiative properties database of BSi, which is currently lacking in the literature, as well as other materials, which will not only yield significant steps toward material applications in a broadband spectrum, but also in elucidating physical phenomena of metamaterials 'beyond limits.'

In Chapter 6, we discuss one of the many pathways that have been investigated specifically and in depth, among the multiple viewpoints perceptible of this thesis work. Because one of the core investigation aspects of this thesis was doping, surface doping on BSi was an obvious corollary to move from the wellexplored realm of volume doping. The question that piqued an incontrovertible interest in this direction was whether the broadband absorption of BSi could be achieved through surface doping or if it was wholly due to volume doping.We attempted to answer these concerns by models and experimental characterisation of ion-implanted BSi samples, taking into account several parameters such as dose, energy, and dopant and wafer type. The findings pave the way for future research into the radiative properties of surface doped BSi over 1-5 µm and their potential applications. 

Application Development and Related Issues

The quality of wavelength-selective emission is critical for developing highly targeted and energy-efficient devices such as broadband sources, infrared sensors, thermal emitters etc. The temperature dependency of the radiative characteristics is another critical element to consider, as the emitters are intended to operate at temperatures much above room temperature. The optical characteristics of the bulk materials utilized in the IR at temperatures greater than room temperature are an important parameter that are poorly understood, particularly for doped silicon. Now that the significant radiative properties of silicon-based metasurfaces are known, it is possible to fabricate a broadband infrared absorber for use in sensing and detection as well as thermal management systems. For daytime radiative cooling [3], doped silicon gratings could be used due to their tunable emission, and for IR photodetectors [4], surface doped black silicon appears to be an ideal fit. Highly doped black silicon is a good contender for broadband light sources and infrared sensors. BSi has already been used in several sensors including that of SiOnyx (a startup) resulting from the findings of Mazur et. al [5],

which was a significant breakthrough in the development of smaller, lower-cost, and higher-performing photodetection or optoelectronic devices for a variety of applications. It has also been used as light source with platinum resistors embedded onto BSi surface [6,7]. Now, the infrared properties as elucidated in 7. CONCLUSIONS this thesis, enables its usage in broadband IR detectors and also as infrared sensors for example in smartphones [8,9]. While most infrared viewers operate in the near-IR range, thermography (thermal imaging) [10] requires extremely long wavelengths unless the seen objects are extremely hot. Among the application fields are security imaging, machine vision, and defense (e.g. guided missiles).

Another significant application area is spectroscopy and gas sensing [11], such as those used to identify trace gases, occur in the infrared range (often in the mid-IR). Integrated photonics in the mid-infrared (mid-IR) region have already shown to be able to make significant contributions to the development of chip-scale spectroscopic devices. It is also necessary to include the temperature dependency of the materials' radiative properties when calculating the transferred heat flux between these materials in such systems. The presented results may be beneficial for thermal management applications and for the improvement of thermal rectifier research and engineering, as well as for thermal energy harvesting. It could be employed in a variety of nanotechnology applications, including the control of heat flow in electronic devices. This also results in the design of devices and their fabrication in cleanrooms after examining application requirements within particular spectral regions.

However, other technological challenges with the black silicon materials used on the devices must be resolved as well, such as industrial scale production efficiency and use of the material in such cases. A sophisticated aperiodic nano-structured surface such as BSi would require careful handling, lest there is change in the fabricated surface morphology, which we have seen to be particularly significant in enabling its distinctive radiative properties, in the course of this thesis. How to make sure that the surface morphology is intact in case of large scale deployment? This demands additional motivation towards delving into specific research arenas.

BSi Material Properties

In terms of material properties development, optical and infrared radiative qualities of black silicon have already been examined, but what about its magnetic properties? This is not a purely arbitrary concept; recent work in the In the results shown in Chapter 6, it is observed that for n-type and p-type wafers of BSi, surface doping alone can be employed to achieve considerably enhanced radiative optical properties, with the flexibility of independent control of the dosage of dopants and depth distribution within 1-5 µm range of wavelength. In the case of surface doping, the dosage of ion-implantation is 8. APPENDIX One cannot be content with merely enhancing one particular radiative property of the materials under study, but also look into various other avenues of application that this material property might provide. Among the possible applications of silicon metasurfaces, their excellent candidacy as emitters-broadband or selective is well-understood in this thesis but utilising their radiative optical properties, their employability for other thermal management devices have not been studied.

In a drive to look at Si metasurfaces as potential thermal rectifiers, prompted us to look into its candidacy for far field thermal rectification in the same wavelength range that their IR emission was studied, i.e 1-25 µm. But in a thermal rectifier, two distinctly different materials are required. This led us to an in-depth literature study of far-field thermal rectifier candidates among naturally occurring bulk materials. Once a suitable candidate would be identified, its compatibility with Si metasurfaces was evaluated as two-ends of a thermal rectifier.

State of the Art

Thermal Rectification Research

Thermal rectification (TR) can be defined as an asymmetry in the heat flux when the temperature difference between two interacting thermal reservoirs is reversed. Therefore, a two-terminal thermal device exhibits thermal rectification if it transports heat in one direction with more ease than in the reverse direction. Thermal rectification has been a subject of intrigue since its underlying test perception in 1936 by Starr [1] because of its aptitude to open up innovation in heat transport control, inspiring analogies to the tremendous advancement in the electronics industry following the invention of such nonlinear elements as the transistor and the diode. Other potential applications of thermal rectification include thermal barrier coatings [2], enhanced efficiency thermo-electric devices [3,4], temperature variation driven heat engines [5] and radiative cooling [6,7]. From that point forward, several investigations have been performed to understand which systems can exhibit thermal rectification [8] 8.2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification and have introduced the concepts of numerous innovative devices like thermal transistors [9,10,11,12], thermal logic circuits [13,14,15,16,17] and thermal diodes [18,19,20,21,22,23]. Recent investigations of thermal rectification have covered different heat transfer(HT) modes including conduction [24,25],

convection [26] and radiation [27,28,29,30,31,32,33,34]. We describe the main current trends in the following paragraphs and more extensive reviews can be found in [8,35].To achieve conductive thermal rectification, several mechanisms have been proposed including thermal potential barrier between material contacts [27], thermal strain/warping at interfaces of two materials [28], nanostructured geometric asymmetry [36] and anharmonic lattices [31]. The asymmetry at the interface between two materials due to the difference of their thermal conductivity temperature dependence has also been shown to be the main driving mechanism for conductive thermal rectification by Marucha et. al [37] and subsequently used in the models of Hoff et. al [38], Sun et. al [39] and in Go et.

al [40]. Based on the same principle, Hu et al [41] and Zhang et. al [24] presented thermal rectifiers based on different thermal conductivities of dissimilar graphene nano-ribbons or Y junctions. At the micro and nano-scales, the asymmetry at the origin of TR can be widely tuned and engineered in nano-structured materials [42] which led to many contributions using several phenomena observed in a large diversity of nano-structures such as ballistic phonons anisotropy at large thermal bias [2], phonons lateral confinement [43] and the temperature dependence of lattice vibrations density of states [44]. Solid-state thermal rectifiers have also been proposed taking benefit of nonlinear atomic vibrations [31][45], nonlinear dispersion relations of the electron gas in metals [46], and thermal streams through

Josephson junctions [47] or metal-superconductor nano-intersections [48]. It has been demonstrated, for example, that thermal rectification exists in a triangular graphene. Furthermore, the rectification ratio (R) increases with increasing graded geometric asymmetry [49,50]. Thermal rectification has been discovered in a three-dimensional (3D) pyramidal diamond, and greater geometric asymmetry increases rectification [44].These findings point to the significance of asymmetry in rectification. Thermal rectification in these asymmetric structures is commonly attributed to the temperature-dependence of the thermal conductivities of two sides and the mismatch in phonon spectra before and after reversing the applied
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temperature bias [44,51,52,53]. As a result, it appears that the greater the asymmetry, the greater the rectification.

At even smaller scales, TR in quantum systems has recently lured researchers such as in the work of Landi et.al [54] on TR using a quantum XXZ chain subject to an inhomogeneous field and the research of Chi et. al [54] discussing TR in a system of a single level quantum-dot connected to ferromagnetic leads. On the other hand, Scheibner et al [55] experimentally demonstrated a TR behavior in quantum dots subject to high in-plane magnetic fields [55] and most recently in the work of Senior et. al [56], it has been shown that a superconducting quantum bit coupled to two superconducting resonators can achieve magnetic flux-tunable photonic heat rectification between 0 and 10%.

Radiative Thermal Rectification Research

Among the various mechanisms employed in literature, radiative heat transfer is a significant heat transfer mode that has been actively investigated for thermal rectification application in the past decade after the seminal works of Ruokola et.

al [57] and Otey [32]. Two main paths have been considered. On one hand, near field (NF) Radiative Thermal Rectification (RTR) between materials supporting resonating surface waves separated by wavelength scale or sub-wavelength gaps.

Plasmonic materials supporting surface plasmon polaritons and dielectrics supporting surface phonon polaritons have been mainly considered. Used materials for NF RTR include gold and silicon [52,58] with temperatures between 300K and 600K, doped silicon [59], SiC [32,33,60], SiC and SiO 2 [34,61] , InSb and graphene-coated SiO2 [62]. Many works on NF RTR also used phase change materials and mainly Vanadium Dioxyde (V O 2 ) [63,64,65,66], and more rarely, thermochromic materials [67]. In addition to the diversity of used materials, a large variety of geometries and sizes has been explored as in the work of Shen et. al [36], which elucidated non-contact thermal diodes using asymmetric nanostructures while [68,69] reported on Near field RTR in the deep sub-wavelength regime between planar surfaces separated by nanometre-scale distances. Zhou et. al [70] proposed for instance a thermal diode using a nanoporous plate and a plate, both made of silicon carbide and where the two terminals are separated by a nanometric vacuum gap while Ott et. al [21] explored a radiative thermal On the other hand, far-field (FF) radiative heat transfer also enables RTR and has been an active area of interest in the past decade. Compared to NF RTR, FF RTR provides the advantage of simplicity and ease of fabrication since it does not require the combination and alignment of objects separated by micro-metric or nano-metric gaps. Two main solutions have been reported for this purpose : the use of phase change materials (PCM) [11,20,71] and tunable metamaterials often used as selective radiation emitters and absorbers [72]. The use of phase change materials, and V O 2 in particular, is predominant in both conceptual [73] and experimental works [74,75]. Recently, Ghanekar et. al [76] proposed the concept of a far-field radiative thermal rectifier combining both PCM, V O 2 for instance, and a Fabry-Perot cavity based meta-material. Beyond thermal rectification, various radiative heat transfer control devices have been proposed such as thermal transistors [9,10,11,12,77] and photonic thermal memristors [78] . The large majority of those PCM based far-field radiation control devices use

V O 2 since the seminal work of Van Zwol et. al [79] who provided a comprehensive characterization of V O 2 radiative and thermo-radiative properties (TRP) around its metal-insulator transition temperature. Surprisingly, the good performances of V O 2 for RTR seem to have prevented authors from exploring other materials, contrarily to the what have been done and reported for NF RTR. Indeed, the large variety of existing materials have not been systematically considered to assess their potential use in FF RTR. This can be legitimately explained by the scarcity of literature on materials' radiative properties in the wavelength range of interest for thermal radiation and their subsequent temperature dependence.

However, a thorough investigation of commonly available materials performances with respect to thermal rectification has not been realized up until now.

Thermal Rectification Research in Metamaterials

Manipulating heat flow at the nanoscale has sparked significant interest in thermal control of electronic and optical devices, as well as energy systems [80] It has now become imperative that the thermal control be possible through nano-structures and designs be laid out for creating such specific structures. [81,82].
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The use of near-field electromagnetic heat transfer is a significant technique for influencing nanoscale heat transfer. The recent advancements in near field thermal rectification have highlighted the significance of the capacity to design and control the parameters of near-field thermal transfer. Thus, whereas prior studies of near-field heat transfer mainly assumed the use of naturally occurring materials, there is currently interest in investigating the use of metamaterials for extra flexibility in creating near-field thermal transfer features [83,[START_REF] Francoeur | Electric and magnetic surface polariton mediated near-field radiative heat transfer between metamaterials made of silicon carbide particles[END_REF]85,86,87,88]. Similarly, although previous research focused mostly on near-field thermal transfer as a passive process, there are now considerable efforts underway to establish active control of near-field thermal transmission.

Apart from near field thermal rectification, there have been attempts to create, photonic thermal rectification with composite metamaterials like in the work of [89].

Thermal Rectification Research specific to Silicon

Silicon has been considered as a viable material to be one of the materials in a thermal rectifier. Silicon has been employed under the garb of a variety of thermal rectification mechanisms.In the work of [START_REF] Hu | Thermal rectification at silicon-amorphous polyethylene interface[END_REF], numerical simulations predicting thermal rectification properties of an interface formed by amorphous polymer polyethylene PEand silicon crystal have been demonstrated. Thermal rectification of integrated microheaters silicon photonics have been a subject of study in the work of [START_REF] Bahadori | Thermal rectification of integrated microheaters for microring resonators in silicon photonics platform[END_REF]. In the work of Dettori et. al [START_REF] Dettori | Thermal rectification in silicon by a graded distribution of defects[END_REF], the thermal rectification by virtue of the difference in the conductive properties have been displayed, where the role played by the sharp interface of defects have been crucially examined. The role of nanostructures in thermal rectification due to lattice vibrations or other mechanisms of thermal rectification, have already been explored for various materials and silicon in not an exception. Telescopic Si nanowires [START_REF] Cartoixà | Thermal rectification by design in telescopic si nanowires[END_REF],asymmteric silicon nano-ribbons [START_REF] Ju | Thermal rectification and phonon scattering in asymmetric silicon nanoribbons[END_REF],silicon nanofilms with conecavity [START_REF] Ju | Thermal rectification and phonon scattering in asymmetric silicon nanoribbons[END_REF], nanoporous silicon [95, 96? ],radial silicon nano-rings [START_REF] Zhang | Radial thermal rectification in concentric silicon ring from ballistic to diffusive regime[END_REF]-have been employed for thermal rectification. We have already seen the importance of geometrical asymmetry in the phononic thermal rectification phenomenon to the effect that asymetry of geometry leads to greater phononic thermal rectification.

In the seminal work of Zhang et. al [98], the contrary has been simulated with 8.2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification silicon nanocones by molecular dynamics method that geometrical symettry is not propertional to the rise in phononic thermal rectification.

Radiative Thermal Rectification

Among the motley of materials available, concentrating on silicon only, there have been only few works depicting its employability for radiative thermal rectification. Near field heat transfer between intrinsic silicon and a dissimilar material has been shown in the work of [52] and doped silicon for near-field radiative thermal rectification have been explored in Basu et. al's work [59]. Unfortunately, due to the scarcity of available thermo-optical data at elevated temperatures at desired wavelengths of interest, there has been no work in the past done in the field of far-field radiative thermal rectification.

Contributions to the State of the Art

As is quite evident from the aforementioned sections, that in the field far field radiative thermal rectification, the radiative properties of available bulk materials have not been explored at higher wavelengths in IR spectrum and at elevated temperatures. Not only that,considering the application of silicon or silicon metasurfaces, there has been no work in the far-field domain. In the present work, we not only present an evaluation of RTR potential of different materials commonly used in micro-fabricated devices such as Indium Arsenide, Gallium Arsenide, Gallium Antimonide, Germanium, Zinc Sulphide, Silicon, metals such as Platinum,Copper, Nickel, Gold, refractory metal such as Tungsten and ceramics like Titanium Nitride, Ruby, Corundum and rare-earth material such as Neodymium Gallate, based on radiative and thermo-radiative properties available in literature, but also compare them against silicon metasurfaces like silicon gratings to determine the employability of such surfaces for FF-RTR. ues between zero and one, as opposed to alternative definitions adopted by some authors [48,99] which lead to values from zero to infinity. A schematic of two thermal reservoirs exchanging heat flux in forward and reverse bias configurations is given in 8.1.

In this work, we consider the simple case of far-field radiative thermal rectification between two semi-infinite planes, separated by a vacuum gap of thickness d, characterized by their radiative optical properties (their temperature dependent emissivities and reflectivities). Therefore, the distance separating the two planes exchanging heat by radiation is much larger than the characteristic wavelength of thermal radiation at the considered bodies temperatures given by Wien's law : d>λ W (T ), where λ W (T ) = hc 2 5k B T , where h, c, k B and T are Planck's constant, the speed of light in vacuum, Boltzmann constant and the absolute temperature respectively. For simplicity's sake, we also assume they are both Lambertian sources, meaning that their emissivities and reflectivities ( (λ, T ) and ρ(λ, T ) respectively) are direction independent [100] these assumptions, the net radiative heat flux (RHF) exchanged by the two bodies resumes then to the far field contribution, which can be written as [61]: is the monochromatic RHF density transmission coefficient between 1 and 2, where (λ, T ) and ρ(λ, T ) is the monochromatic emissivity and reflectivity at

Φ(T 1 , T 2 ) = π
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a given temperature respectively. The RHF density transmission coefficient is governed by the radiative properties of the two considered thermal baths, in particular their emissivities and reflectivities and the temperature dependence of these properties. These properties are completely governed by the considered bodies dielectric functions and geometries. In the case of opaque bodies, energy conservation [100] and Kirchhoff's laws [100] combination leads to the following relation between the monochromatic emissivity, reflectivity and transmittivity at a given temperature:

(λ, T ) = 1 -ρ(λ, T ) -t(λ, T ) (8.5)

Therefore, to evaluate the thermal rectification potential of a given pair of materials, we need to know the emissivity, reflectivity and transmittivity of each terminal of the considered thermal diode and its temperature dependence. Since the emissivity and reflectivity depend on the dielectric function, knowing the dielectric permittivity or the complex refractive index of the considered materials is also sufficient to estimate their potential for thermal rectification. In our case, these data have been harvested from literature.

Radiative Properties Data Extraction

Thermo-radiative properties, i.e materials radiative properties and their temperature dependence, are the main input data required to assess the radiative thermal rectification ability of a given material. Difficulty to obtain such data, especially in the wavelength range of thermal radiation from room temperature to a few hundred Kelvins above room temperature, i.e. in the mid and far-infrared, perhaps explains the dearth of literature on thermal rectification with the large variety of existing materials and the strong concentration of literature on VO 2 . Although the most important material libraries in this regard such as The Handbook of Optical Materials by Edward D. Palik [102] and that of Weber [103], provide an exhaustive collection of material optical properties, unfortunately, available data is not temperature dependent. Radiative properties of common materials at different temperatures, in the required infrared range, are scantily available in literature. Incidentally, the majority of relevant data found, regarding the works dedicated to this sub-area of research, are pertaining to the study of semiconductors. The optical properties of metals such as, Gold [104,[START_REF] Aksyutov | Temperature dependence of the optical constants of tungsten and gold[END_REF], Aluminum 8.2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification [106,[START_REF] De | Temperature and thickness dependence of the resistivity of thin polycrystalline aluminium, cobalt, nickel, palladium, silver and gold films[END_REF], Tungsten [START_REF] Aksyutov | Temperature dependence of the optical constants of tungsten and gold[END_REF], Molybdenum [START_REF] Veal | Optical properties of molybdenum. i. experiment and kramers-kronig analysis[END_REF], Silver [START_REF] Ehrenreich | Optical properties of ag and cu[END_REF], Copper [START_REF] Setién-Fernández | Spectral emissivity of copper and nickel in the mid-infrared range between 250 and 900 c[END_REF], Nickel [START_REF] Setién-Fernández | Spectral emissivity of copper and nickel in the mid-infrared range between 250 and 900 c[END_REF] have been studied, but unfortunately researchers have not been particularly interested in exploring the aforesaid optical properties at higher temperatures and at larger wavelengths, adherent to the IR range, which is an imperative in this study. Materials like Si [33] and Ge [START_REF] Esaki | Properties of thermally treated germanium[END_REF] have been considered broadly, beginning in the 1950's. GaAs, InAs, InP, and GaSb make a case for volumes of research of their own and have been utilized as a part of light emanating and optoelectronic devices [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]. Material properties were learned at temperatures extending from low temperatures (liquid helium, 4.2 K, or liquid nitrogen, 77 K) to about room temperature, 298 K [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]. The 2010 work of Thomas R. Harris [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF] provides valuable experimental data on the study of optical properties of Germanium, Gallium and Indium derivatives and on Bulk Silicon, at various temperatures. Optical properties of Silicon Carbide [START_REF] Ng | Temperature-dependent reflectivity of silicon carbide[END_REF][START_REF] Pitman | Optical properties and applications of silicon carbide in astrophysics[END_REF], and on Zinc Sulphide [START_REF] Harris | Thermal, structural, and optical properties of Cleartran® multispectral zinc sulfide[END_REF] have also been reported in the past decades. The use of numerical simulation data for bulk silicon generated using a Drude Model was also suggested in [116,117], and we took use of this model to produce temperature dependent radiative properties data for bulk silicon and for grated silicon using rigorous couple wave analysis(RCWA). The list of materials considered in the present study is indicated in Table 8.5.

In the work of Thomas R. Harris [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF], temperature dependent transmission measurements for Ge were taken up to approximately 650 K. The data was taken in near IR and mid IR wavelength ranges. Comparison with older literature [131] shows good agreement, indicating that the measured data are reliable. Similarly, temperature dependent transmission measurements were taken up to approximately 850 K for undoped GaAs and up to approximately 550 K for n-type GaAs doped with silicon. In the case for undoped GaSb, measurements were taken up to 650 K. Unfortunately, for sulphur doped InP, only near IR measurements were reported, which renders the data set incomplete for usage in the present study [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]. Thus, temperature dependent transmission measurements were carried out for Si, Ge, GaAs, GaSb, InAs, and InP from 0.6 to 25 µm at temperatures ranging from 295 up to 900 K. Band gap shifts were observed as temperature changed and were compared to previous works. General agreement 8. APPENDIX [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]118] Ge Gallium Derivatives [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]119] GaAs,GaSb Undoped Indium Arsenide [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF]120,121] InAs Zinc Sulphide [START_REF] Harris | Thermal, structural, and optical properties of Cleartran® multispectral zinc sulfide[END_REF]122,123,124] ZnS Silicon Carbide [61,[START_REF] Ng | Temperature-dependent reflectivity of silicon carbide[END_REF] SiC Bulk Doped N-type Silicon(1 × 10 20 cm -3 ) DBuSi 1 Bulk Doped N-type Silicon(3 × 10 20 cm -3 ) DBuSi 3 Metals Gold [104,[START_REF] Aksyutov | Temperature dependence of the optical constants of tungsten and gold[END_REF] Au Copper [START_REF] Setién-Fernández | Spectral emissivity of copper and nickel in the mid-infrared range between 250 and 900 c[END_REF] Cu Platinum [125] Pt Nickel [126] Ni Tungsten [127] W Ceramic Materials Titanium Nitride [128] TiN Corundum [129] Al 2 O 3 Ruby [130] Al 2 O 3 : Cr Rare Earth Materials Neodymium Gallate [130] N dGaO 3 was observed in the trend of the change in the band gap with temperature, however, the actual band gap energy values deviated from the expected-on average by about 10 %. The reflectivity maximum increased in magnitude with increasing temperature, with successful measurements being done up to 517 K [START_REF] Harris | Optical properties of Si, Ge, GaAs, GaSb, InAs, and InP at elevated temperatures[END_REF].

To completely gather temperature dependent reflectivity data of GaAs, GaSb, InAs, Ge another set of works were adhered to such as the work of Skauli et. al [119], where the refractive index of GaAs has been measured. From 1979-1984, H. H Li [118,122] prepared a comprehensive report on the temperature dependence of the refractive indices of Si, Ge, ZnS, ZnSe, ZnTe etc., where he provided near non-existent temperature-dependent data on these particular semiconductors refractive index in a wide spectral range including mid and far infra- 

red.

For SiC in the IR wavelength range from 1 µm to 25 µm, many data are available in literature and because much of SiC optical properties depend on its crystallographic orientation [132,133], they have been compared to other semiconductor relevant data with care. Some widely cited sources are that of Bohren et. al [134], Mutschke et al. [135,136], the measurements of Daniel Ng 8. APPENDIX [START_REF] Ng | Temperature-dependent reflectivity of silicon carbide[END_REF] and Joulain et. al [61]. Cagran et. al [137] provided a comprehensive study on the temperature-resolved infrared spectral emissivity of SiC and this data was finally employed in the present study due to its reportage of wide and flexible temperature dependence of emissivity.

On the other hand, the measurements on Zinc Sulphide (ZnS) reported in [START_REF] Harris | Thermal, structural, and optical properties of Cleartran® multispectral zinc sulfide[END_REF]123,124] provide valuable insight into the thermal, structural and optical properties of a commercially available sample of multispectral ZnS. The hemispherical transmission, reflectivity, absorptivity, emissivity of unpolarized light at normal incidence on ZnS at 24 • C, 100 • C and 200 • C are reported in [START_REF] Harris | Thermal, structural, and optical properties of Cleartran® multispectral zinc sulfide[END_REF].

While the work of Bauer et. al [129], depicts the spectral emissivities of various ceramic materials at different temperatures in the spectral range from 0.8 to 25 µm, the work of Meneses et al. [130], provides the temperature dependent emissivities of Ruby and a rare earth material, Neodymium Gallate(N dGaO 3 ). In the following paragraphs, we discuss the performances of the different considered materials subcategories, i.e semiconductors, metals and ceramic materials with respect to RTR. Among the semiconductors, InAs exhibits the highest levels of RTR, in combination with most considered materials. This is due to the temperature dependence of its emissivity. As depicted in Fig. 8.2(b), the emissivity increases with increasing temperature and the material becomes more uniformly emissive, contrary to its behaviour at 300 K, where it is more reflective from 1-5µm, than other wavelength ranges. Consequently, the radiative heat transfer is lower in this spectral range at low temperatures. Its large emissivity increase when temperature increases directly contributes to material combinations with InAs exhibiting higher RTR. The emissivity of InAs has been shown to strongly depend on its plasmonic properties [138]. On the other hand, it has also been shown that the plasmon energy, i.e the plasma frequency, of InAs significantly decreases with increasing temperature [139]. This significant temperature dependence of the plasma frequency in InAs is probably behind the emissivity variation of InAs when temperature increases, hence the large RTR obtained in combination with other materials. For SiC, we observe in Fig. 8.2(e) a slight shift and broadening of the resonance peak of emissivity at around 12µm when temperature increases. This is due to anharmonicity effects responsible for the phonon-phonon interactions increase with the temperature [140]. This broadening of the emissivity peak of SiC has certainly an impact on the exchanged radiative heat transfer. However, it is negligible compared to the effect of InAs emissivity temperature dependence when we consider an SiC-InAs based rectifier. For other semi-conductors like Ge, GaSb and GaAs, which do not exhibit a significant emissivity variation as a function of temperature, no marked variation in the radiative heat transfer is observed with these materials when they are considered for RTR.

Results and Discussion

Among the metals, Ni shows non-negligible RTR of 60% in most material combinations as shown in Table .8.4. The level of emissivity of Ni as depicted in the work of de Arrieta et al [126], increases with increasing temperature. For most part of the IR wavelengths, Ni remains highly reflective. The curves show the usual behaviour for metallic emissivity, decreasing with wavelength and increasing with temperature. Besides, it can be seen that the temperature dependence is greater in the ferromagnetic phase,(T<354 • C) than in the para-magnetic one.
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This marked difference in its emissivity behaviours at higher temperatures enables Ni in combination with other materials to yield RTR of 60%. The other metals like Pt [125], Cu [START_REF] Setién-Fernández | Spectral emissivity of copper and nickel in the mid-infrared range between 250 and 900 c[END_REF] and the refractory metal W [127] exhibit negligible variation of their emissivity as a function of temperature, though showing the same as any metallic emissivity behaviour, elucidating the reason behind such low RTR(%)<5% with most material combinations. This is however not the case for Au [127], where the temperature rise decreases the already low emissivity of the material significantly, making it highly reflective. This is probably why most material combinations with Au have at least RTR(%)>30%.

Among the ceramic materials, Al 2 O 3 is highly emissive from 6-11µm and then the emissivity drops to lower levels and also has multiple resonance peaks above 11µm, which broaden as temperatures increase [129]. This behaviour is not observed in either Ruby [130] or TiN [128], where there is almost no difference in emissivity as temperatures increase.

Taking the overall average for each subcategory of materials, the semiconductors fair the best in terms of RTR(%), closely followed by metals, ceramic materials and rare-earth material. On the other hand, to achieve non-negligible RTR between a pair of materials, at least one of them should exhibit a significant variation of its emissivity as a function of temperature.

Due to constraints of data availability on the materials' thermo-radiative properties, a thermal bias |∆T = 200K| was chosen which is the most common temperature difference that we found in literature. To enable the generalization of obtained results to other magnitudes of the thermal bias, normalized RTR coefficients were also calculated for all the considered materials.

We show in Table 8 temperature variation around their critical temperature which would lead to an infinite normalized RTR.

In Table 8.6, we present the Temperature Coefficient of total Emissivity (TCE) that can be defined by d t dT , where, t is a spectral average with the spectral emissive power as a weighting factor and can be defined as [100]:

t = 1 n 2 σT 4 ∞ 0 λ (T, λ)E bλ (T, λ)dλ (8.6)
where, σ is the Stefan-Boltzmann constant, T is the absolute temperature, λ (T, λ) is the spectral hemispherical emissivity and E bλ (T, λ) is the blackbody spectral emissive power. This quantity(TCE) has been defined in a similar manner to the refractive index temperature coefficient, dn dT commonly used in optics [121]. Here due to data availability constraints, a thermal bias of 200 K was considered. TCE can be used as a key indicator to identify the best candidate materials for thermal rectification since a large variation of radiative properties with 249 respect to temperature is required to obtain a large thermal rectification coefficient. As can be observed in Table 8.6, the greater the TCE, the more susceptible the materials are for thermal rectification, thus reaffirming the best case of a far field radiative thermal rectifier composed of InAs and SiC. This could thus serve as a basic guiding step for researchers and engineers interested in the design of radiative thermal rectifiers for the choice of best candidate materials.

Radiative Thermal Rectifier made of Silicon Metasurfaces

Taking cue from the results reported in the previous sections,we could see that among all the bulk materials, InAs was an ideal candidate for one end of a radiative thermal rectifier.This conclusion prompted this part of the research, where a thermal rectifier with one end made of grated silicon with various degrees of periods of grating and another end made of InAs has been considered and their RTR(%) has been evaluated. It is already known from literature, that geometrical asymmetry can lead to phononic thermal rectification, but this is for the first time that we evaluate radiative thermal rectification of periodic micro-structures
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full-scale IR radiative properties of BSi and doped BSi, its temperature dependence of emissivity needs more experimental trials at higher temperatures so that the required thermo-optical data can be acquired.

Summary

Obtained results depict that semiconductors show larger RTR coefficient than metals which are in turn better than ceramic materials, due to a non-negligible temperature dependence of the plasmonic properties in such materials which induces a significant emissivity variation as a function of temperature. In particular, InAs-Ruby along with InAs-TiN,InAs-W, InAS-SiC can be very good candidates for a far-field radiative thermal rectifier when combined together with a rectification ratio up to 96.35% for a thermal bias of 200 K. Grated silicon provides a rectification ratio up to 93%, asserting the fact that it could be used along with InAs as one end of a thermal rectifier and makes an ideal case for this application. We also show that several pairs of materials provide a relatively high rectification coefficient, larger than 50% . This suggests that they can also be used for thermal rectifiers. A corollary of this result is that non negligible thermal rectification occurs when these pairs of materials are combined in a system with a thermal bias of the order of hundreds of kelvins. Taking into account the temperature dependence of the materials radiative properties is therefore mandatory for an accurate calculation of the exchanged heat flux between these materials in such systems. The rectifier working around room temperature with a small temperature bias is practical for real applications, although the amount of the heat flux is smaller than the theoretical limit governed by the Stefan-Boltzmann law. Presented results may be helpful for thermal management applications and in the advancement of the research and engineering of thermal rectifiers, thermal logical circuits and in thermal energy harvesting. This work would facilitate a number of relevant applications such as intelligent thermal management for house energy control,modern VLSI circuits, and artificial satellites, as well as thermal information processing that utilizes thermal photons rather than electrons.
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 2111 Figure 1.11: Selected representative publications on Meatmaterial Perfect Absorber(MMPA) from 2008 to the middle of 2017. The publications highlighted here are cited as refs. [27, 66, 67, 68, 69], respectively, along the time axis.
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 23113 Figure 1.13:Temperature dependent emissivity of silicon as reported in Sato's work[START_REF] Satō | Spectral emissivity of silicon[END_REF] 
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 114 Figure 1.14: Spectral absorptance of simple gratings made of heavily n-doped silicon for TM waves as shown in[17] 
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 115 Figure 1.15: Schematic of obtaining BSi from silicon and its corresponding 'blackness' elucidated by a tilt view SEM image[START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF] 
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 116 Figure 1.16: BSi shows interesting wetting and optical properties[START_REF] Nguyen | On the optical and morphological properties of microstructured Black Silicon obtained by cryogenic-enhanced plasma reactive ion etching[END_REF] 
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 119 Figure 1.19:BSi applications in literature from a pool of 100 papers as reviewed in[14] 
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 120 Figure 1.20: Selected BSi absorbers as found in literature and their (a) Absorptance (b) Reflectance data across varied spectral ranges
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 3 Contributions beyond the State of the Art reflectance and transmittance measurements, leading to indirect retrieval of the absorptance and then through direct emissivity measurements using a dedicated experimental setup that has been built for this purpose. Such ultra-black silicon metasurfaces with tailored radiative properties are intended for applications such as selective/broadband emitters and thermal management devices.In Chapter 2, we present the various fabrication methods that have been employed for producing BSi in the past describing the cyro-DRIE process which has been used to fabricate BSi samples by collegues in the ESIEE Paris cleanrooms. Having fabricated the BSi samples, we proceed to present the SEM greylevel characterisation of our BSi samples, which yields vital information regarding the BSi morphological intricacies. Mapping these intricacies to quantify the effect of doping and its subsequent effect on the morphology of BSi, gives us conclusive evidence of BSi's inimitable light-trapping capacity. In this manuscript, we calculate the topographic parameters of several BSi samples such as the structures' height and mean spacing histograms, as part of an intricate statistical analysis of BSi morphology which aims to form one of the directional foundations of this thesis work.In Chapter 3, we present a comprehensive study of the radiative properties modelling of Si-based metasurfaces. We present modelling of Si-based metasurfaces used for reflectance simulations achieved by various modelling techniques such as RCWA(mainly for grated and flat Si simulations), FEM and also taking the advantage of EMT simulation results accomplished in the same research group
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 4 taking in all of the information of BSi morphological analysis done in Chapter 2, we perform specular reflectance measurements on BSi in NIR-MIR-FIR in collaboration with the University of Poitiers, which gives us valuable insights about the effect of doping, the effect of etching time on Si and finally the role of the angle of incidence. Specular reflectance and transmittance measurements done at ESIEE Paris at different angle of incidences provide valuable insight and reaffirm the excellent absorption of heavily doped BSi over 1-25 µm spectral range. Diffuse reflectance measurements for vis-NIR was also done at the University of Paris-Diderot, which is reassuring when compared to available literature . Then, diffuse reflectance measurements from 2.5 -20µm, was done to ensure the complete radiative properties of doped and low doped BSi. All these measurements form a subset of radiative properties extraction of BSi, namely the 'indirect' method of emissivity acquisition. We finally, compare our experimental results with those obtained with the help of simulations and find agreeability with predictions stated by simulations.
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 2 BSi Fabrication(a) Cyrogenic Plasma Etched BSi(this work) (b) MACE Etched BSi[5](c) Chemically Etched BSi using Femtosecond Laser Pulses[6] 
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 21 Figure 2.1: SEM images of BSi produced by various reported fabrication techniques
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 22683 Figure 2.2: BSi formation by RIE reproduced from[11] 

  model that represents the surface topography of BSi samples can be obtained. This method consists of inferring the structures' height based on the grey-scale level of a top-view SEM image, using the known height values of the SEM brightest and darkest grey-level as bounds of an interpolating range. While other non-destructive methods of reconstruction such as the ones based on multiple images taken at different viewing angles have been demonstrated, they require repositioning the sample at different viewing angles and robust algorithms 2. BLACK SILICON MORPHOLOGICAL CHARACTERISATION (a) Low Doped BSi (b) Highly Doped BSi
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 23 Figure 2.3: Mapping the darkest grey levels of small section of the top-view of BSi samples. Green line segments represent the measured distances between neighbour holes and grey-level scale shows the height relative to the global BSi sample height.

  this work, from top-and side-view SEM pictures, the mean values of periodicity and height of the BSi structures have been extracted by grey-level analysis using MATLAB: all the centres of holes have been identified and each pixel corresponds to a height.
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 2425 Figure 2.4: 3-D Reconstruction and Side View SEM Images of BSi clearly depicting the effect of doping on the morphology of BSi, where with higher level of doping, closely packed higher conical nano-structurations are observed

  2.6(b)) byaveraging the distances between the centre of each hole and its closets neighbours. These distances are obtained by means of a Delaunay triangulation applied to all the hole centre points observed on the top-view three-dimensional model of the BSi sample. Since the triangulation mesh provides unrealistic segments at the edges of the model, these are not considered for the structure spacing calculation.An example of the structure spacing measurement in a region of low doped and highly doped BSi samples are illustrated in Fig.2.3, where the lengths of the line segments are used to calculate the mean p µ and standard deviation p σ of structure spacing. Fig.2.4 shows the 3D reconstruction and side view SEM images of a 1.3µm BSi samples for the two doping levels, all process parameters being identical otherwise. One can clearly observe a large increase of the BSi peak's density with the high doping and sharper peaks are observed. This is confirmed
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 2627 Figure 2.6: (a)Height of the conical nano-structurations and the (b) Mean spacing histograms of the low-doped and the highly doped BSi samples depicting a clear effect of doping on the morphology of BSi.
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 2829 Figure 2.8: (a-c)Top View, 20 • tilt view and height marked side-view SEM images of highly doped BSi samples; (d) arametric details of samples
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 31 Figure 3.1: Superstrate, Substrate and Interface Region Considerations in RCWA
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 3 Model Parameters 3.2.3 Finite Element Method(FEM) 3.2.3.1 Background
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 32 Figure 3.2: Representation of a 2-D Domain by a collection of quadrilaterals and triangles[19] 

Fig. 4 .

 4 Fig. 4. The two obtained solutions.
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 33 Figure 3.3: Electromagnetic field computation in the case of top and bottom interfaces to record diffraction efficiencies in the grating model in RETICOLO
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 34 Figure 3.4: Incidence angle considerations in RETICOLO
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 35 Figure 3.5: FEM model view of (a) BSi geometry of a large bi-periodic microstructured surface from which a unit cell is defined with periodic boundaries and (b) reference flat Si for numerical simulation of reflectance.
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 4 Resultsof studies on the IR radiative properties of micro-machined heavily doped silicon surfaces. Both transverse electric (TE) and transverse magnetic(TM) waves exhibited high emittance at several wavelengths. In the work of Chen et. al,[27] grated silicon has been explored to have TM emission at specific wavelengths and different parameters have been explored without any experimental verification between 6-12µm. The primary objective of our study was to go beyond Mid-IR and to look at unpolarized emission/absorption from highly doped 1-D periodically grated silicon whilst investigating the different parameters that impact the radiative optical properties for obtaining tuned emission at desired narrow ranges of wavelength. Another objective is to demonstrate the feasibility of engineering such absorptance peaks at different wavelengths between 1 and 25 µm. Experimental validation of the obtained results would be the principal aim adherent to the simulation results. A more accurate and experimentally validated Drude model is employed to calculate the optical constants of silicon(Eqns.3.8-3.16).
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 36 Figure 3.6: Absorptance spectra for doped grated silicon with a grating period of 6 µm, for for a range of doping levels from 5 × 10 18 cm -3 -5 × 10 20 cm -3 at an angle of incidence of 30 • .
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 373839 Figure 3.7: Absorptance spectra for doped grated silicon with a grating period of (a) 6 µm -(b) 12 µm, for a range of doping levels from 5 × 10 19 cm -3 -8 × 10 19 cm -3 at an angle of incidence of 30 • .
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 310 Figure 3.10: Schematic representation of different morphologies(II) along with the corresponding profile of the effective refractive index(IV) according to effective medium modeling(III) and their corresponding absorptances(I). (a) Flat silicon. (b) Uniform nanopilar array. (c) Uniform nanocone array. (d-e) non-uniform nanocone array typical of BSi with high absorptance.
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 311 Figure 3.11: Calculated absorptance over the infrared spectral range from 1 µm to 25 µm for different values of the doping level of N-type, phosphorous-doped silicon with fixed average cone height <H>= 11 µm.The inset gives a zoom on the vertical scale to highlight that widest spectral ranges achieved at moderate doping level 1 × 10 19 cm -3 also correspond to the smallest levels of absorptance, although still high; even higher absorptance is attainable at higher doping levels but at the expense of a reduced spectral range. It also highlights the superior absorptance levels obtained at the highest doping level of 1×10 21 cm -3 , even though the corresponding spectral range is the smallest.
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 312 Figure 3.12: Simulated spectral absorptance over the infrared range from 1 µm to 25 µm varying the average height from <H>= 0 µm (flat surface) to <H>= 11 µm for N-type, 4.5 × 10 19 cm -3 phosphorous doped silicon.

(

  flat surface) to 11 µm for a fixed doping level of 4.5 × 10 19 cm -3 (N-type, phosphorous doping) at a mean spacing p = 0.3 µm and at an angle of incidence of 15 deg. The set of curves of Fig.3.12 illustrate a clear trend that with increasing the height <H>, a broader and higher level of absorptance is reached. The ultimate boundaries of extending the near 100% absorptance is made possible across a vast infrared wavelength range till a wavelength λ=15 µm. It is noteworthy that this requires micro-nanostructure heights <H>greater than 9 µm. The simulation results highlight the requirement for having a very high aspect ratio for the conical nanostructures, translating in this case in a rather important height in the order of <H>˜10 µm. This height (or aspect ratio) is indeed a second key requirement for having a broadband perfect absorption..
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 313 Figure 3.13: Simulated spectral absorptance over the infrared range from 1 µm to 25 µm varying the mean spacings from p = 0.1 µm to p = 0.5 µm for N-type, 4.5 × 10 19 cm -3 phosphorous doped silicon.

  (a) and (b). The angle of incidence is varied from 15 • to 60 • , for both BSi(a) and flat Si(b).In the case of flat Si, the simulation span as observed is very small. Thus, we do observe in our simulations that there is in fact an elfin impact of the angle of incidence on the radiative optical properties METASURFACES of silicon: black or otherwise -Figures 3.14

  (a) and (b), respectively.
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 314 Figure 3.14: Simulated spectral absorptance over the infrared range from 1 µm to 25 µm varying the angle of incidence from θ= 15 • to 30 • for N-type, 4.5 × 10 19 cm -3 , phosphorous doped silicon.
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 3315 Fig. 3.15, shows the comparison between two different techniques of modellingfor BSi, which shows a perfect concurrence until about 14 µm and then the two responses differ in the way that FEM simulation response drops from 99.99% threshold to 99% at 14 µm and then progressively to 80% at 25 µm. This difference
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 4142 Figure 4.1: Transmittance Measurements on two samples of BSi having two different doping levels compared with flat Si.
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 4 Fig.4.3 shows the specular reflectance of a pair of three BSi samples of high and standard low doping having different etching times of 10, 15', 20' at a fixed, nearnormal angle of incidence of 15 • . As is observable from the figure, the higher the
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 4311844 Figure 4.3: Specular reflectance of a pair of three BSi samples of high and standard low doping having different etching times of 10, 15', 20' at an angle of incidence of 15 •
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 45 Figure 4.5: Diffuse Reflectance Measurements on two samples of BSi having two different etching times compared with flat Si.
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 46 Figure 4.6: Diffuse Reflectance of undoped BSi sample compared with that obtained in literature[3] 

  beyond 5%. In contrast to what was observed in the inset of Fig.4.2 where the respective curves for both the samples intersect each other in the vicinity of 23 µm, here in the inset of Fig.4.7, the curves intersect at 19.4 µm. It would have been interesting to observe the diffuse reflectance beyond 20 µm, but the integrating sphere specifications restrict our conceivable limit.
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 47 Figure 4.7: Diffuse Reflectance Measurements on two samples of BSi having two different doping levels compared with flat Si.
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 481245 Figure 4.8: Total, Diffuse and Specular Reflectance of two samples of BSi having different levels of doping: (a) heavily doped, (b) low doped
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 49 Figure 4.9: Total Absorptance of two samples of BSi having different levels of doping compared with heavily doped flat Si
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 125 samples correspond actually to two different average heights <H >of the steepest conical nanostructures. The relevant morphological details of each sample are illustrated in the table in Fig.4.10, which specifies the levels of doping, etching
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 410411 Figure 4.10: Summarization of morphological changes and total absorptance of two different samples of highly doped BSi due to doping,(a) corresponds to low doping(˜1 × 10 15 cm -3 );(b) corresponds to a high level doping(˜5 × 10 19 cm -3 );(c) tabulates the relevant morphological details of each sample along with bulk resistivity and levels of doping.
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 42129 the respective curves for both the samples intersect each other in the vicinity of 23 µm,which is also not predicted by simulation results(recall Fig.3.11), which did not include such low doping levels of ˜1 × 10 15 cm -3 and this is where the spectral response
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 412 Figure 4.12: Comparison of Measurement Results with that obtained by Numerical Models for (a)low and highly doped flat Si and (b) highly doped BSi
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 6 Comparison of Experimental Characterisation with Simulation Resultsplay in the absorptance of the highly doped BSi samples. The height of conical nanostructurations increase due to doping and more closely packed structures are visible in the tilt view SEM images in Fig.4.10. This is effectively corroborated by the experimental results of absorptance shown in Fig4.10 were obtained on two distinct samples of BSi, all doped with phosphorous, at two levels of doping:1 × 10 15 cm -3 (low) 5 × 10 19 cm -3 (high). The sample(b) having a <H>= 10.3 µm, maintains an absorptance of 99.5% till a wavelength λ =10 µm as shown by the red curve. It is very similar to the simulated response shown in the red curve of Fig.3.12, corresponding to <H>= 11 µm. Contrary to expectations however, we did not see any effect of the mean spacings of the BSi nanostructurations on the overall absorptance; Whereas, in the statistical quantification of the top-view SEM images through grey-level analysis, we see in Fig.2.6(b)that due to high-level of doping the mean spacing has increased. So, clearly the modelling parameters need to be improved in order to see the effect of mean spacings and to accurately represent the BSi surface morphology.

Fig. 4 .

 4 Fig.4.4 shows the reflectance responses of a pair of three BSi samples of high doping having different etching times of 20' at different angles of incidence of 15-30-60 • .As is evident from the figure and although there is very little difference between the reflectance responses at 15 • and 30 • , the reflectance at 60 • is significantly higher. But if we go beyond 30 • , we see that reflectance of BSi, increases with increasing angles of incidences. In (Fig. 4.4(b)) We see that there is a significant difference in the level of reflectance, observable between 70 • and 80 • angles of incidences which amounts to about 20% for 70 • and 60% for 80 • upto λ=10µm.
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 4 BSI RADIATIVE PROPERTIES CHARACTERISATION

Figure 5 . 1 :

 51 Figure 5.1: Radiance (I) of source is the Power (P) emitted from the source emitting Area (A) and propagated in the Solid Angle Ω.

Figure 5 . 2 :

 52 Figure 5.2: View factor visualisation of two differential areas in arbitrary configuration.

Figure 5 . 3 :

 53 Figure 5.3: Emission direction and solid angles as related to a unit hemisphere[15] 

Figure 5 . 6 :

 56 Figure 5.6: Schematic of Zhang et. al [64]'s work
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 1482 Direct emissivity measurement setups in literature 1273 K). The entire setup has been elucidated in Fig. 5.7, which consists of an FTIR spectrometer, a blackbody, a vacuum controlled sample chamber, parabolic gold mirrors and thermocouples to maintain temperature readings. Methodological developments include a refined equation with updated parameters and a Monte Carlo procedure for accurate calculations of total emissivities from spectral data. These upgrades have been demonstrated and validated in measurements of both metallic and ceramic materials. The results obtained in this work are applicable to similar experimental devices for emissivity measurements in order to report reliable emissivity data.

Figure 5 . 7 :

 57 Figure 5.7: Schematic view of the different sections of the emissometer[67]. The four standalone parts are noted in bold letters, with the optical entrance being shown in both top and front views for better appreciation. The low-temperature blackbody plate is located inside the optical entrance.

Fig. 1 .

 1 Fig. 1. Schematic diagram of the spectral emissivity mea -Blackbody, 2 -sample furnace, 3 and 4 -parabolic gold motorized rotation stage, 6 -filter wheel, 7 -chopper, 8 monochromator, 9 -detector, 10 -lock-in amplifier, and system.

Figure 5 . 9 :

 59 Figure 5.9: Schematic view of the near infrared emissivity setup of emissometer of [70]. 1 -Blackbody, 2 -sample furnace, 3 and 4 -parabolic gold-coated mirrors, 5motorized rotation stage, 6 -filter wheel, 7 -chopper, 8 -grating monochromator, 9 -detector, 10 -lock-in amplifier, and 11 -data capture system.

Figure 5 . 11 :

 511 Figure 5.11: Schematic of measurement setup of[75] 

ing spectral intensity from 1 - 2 Figure 5 . 12 :

 12512 Figure 5.12: Experimental setup (II) inspired from [67] highlighting different constituent elements and showing (a) the top view of the setup and (b) the crosssectional view of the mirrors employed.

Figure 5 . 13 :

 513 Figure 5.13: Direct Emissivity Setup highlighting the constructed optical assembly.

Figure 5 . 14 :

 514 Figure 5.14: Measured spectral intensity of Blackbody source at different temperatures recorded by the FTIR without constructed optical assembly.

Figure 5 . 15 :

 515 Figure 5.15: Measured spectral intensity of sample source of low doped BSi at different temperatures recorded by the FTIR without constructed optical assembly.

Fig. 5 .Figure 5 . 16 :Figure 5 . 17 :

 5516517 Figure 5.16: (a)Measured spectral emissivity of low doped BSi at different temperatures recorded by the FTIR without constructed optical assembly, compared to (b)room-temperature indirect measurement of emissivity of the same low-doped BSi sample

Figure 5 . 18 :

 518 Figure 5.18: Measured spectral intensity of Blackbody source at different temperatures recorded by the FTIR with the constructed optical assembly.

Figure 5 . 19 :

 519 Figure 5.19: Measured spectral intensity of sample source of low doped BSi at different temperatures recorded by the FTIR with constructed optical assembly.

Figure 5 . 20 :• 168 5

 520168 Figure 5.20: (a)Measured spectral emissivity of low doped BSi at different temperatures recorded by the FTIR with the constructed optical assembly, compared to (b)room-temperature indirect measurement of emissivity of the same low-doped BSi sample.

Figure 5 . 21 :

 521 Figure 5.21: Measured spectral emissivity of low doped BSi at different temperatures with and without the constructed optical assembly

Figure 5 . 22 :

 522 Figure 5.22: Measured spectral emissivity of low doped BSi at 100 • C compared with literature[39].

  velopmental issues of the setup have been highlighted. The spectral emissivity ranges from 0.96 to 0.80, with 110 • C providing the maximum emissivity, closely followed by 105 • C, 115 • C, and 125 • C. The spectral emissivity is compared to the measured absorptance of low doped BSi at 30 • C room temperature, because

Figure 6 . 1 :

 61 Figure 6.1: Schematic of the ion implantation process. Dopant atoms are ionized by bombarding with electrons. These are then isolated, accelerated, and then impinged on the wafer. There is also a scanning system that allows the ion beam to scan over the wafer surface.

Figure 6 . 2 :

 62 Figure 6.2: (a)Ion-beam tilt angle visualisation in the process of surface doping of BSi(b) showing the meaning of a tilt angle of 84 • referring to the effective implantation tilt between the normal to the wafer at tilt 0 • and the normal of a nano-cone side(c) Schematic of ion-implantation of P + /B + ions on BSi.

Figure 6 . 3 :

 63 Figure 6.3: Skin Depth(δ) for boron and phosphorous dopant for a doping level of 5 × 10 19 cm -3 at room temperature from 1-25 µm.

Figure 6 . 4 :

 64 Figure 6.4: Experimental results of reflectance (a), Transmittance(b) and Absorptance(c) of ion-implanted BSi samples of the p-type wafer compared with volume n-type doped BSi of heavy doping of the order of 5 × 10 19 cm -3 at a wavelength range of 1-5 µm

Fig 6 . 5 Figure 6 . 5 :

 6565 Fig 6.5(a), shows the simulation profiles of dopant(Boron, B+) concentration across depths of the same BSi wafers as that of Fig 6.4 of p-type at 84 • tilt, where the threshold depth(d) for different samples have been indicated. We have seen in Fig 6.4, that Wafer 1 represents the lowest reflectance, lowest transmittance, and highest absorptance. This is accounted for in simulations as seen in Fig 6.5(a) where implantation at 84 • retains the highest concentration of 3× 10 19 atm/cm 3 and drops at 0.35 µm of depth. This does not happen for both Wafer

Figure 6 . 6 :Figure 6 . 7 :

 6667 Figure 6.6: Experimental results of reflectance (a), Transmittance(b) and Absorptance(c) of ion-implanted BSi samples of the n-type wafer compared with volume n-type doped BSi of heavy doping of the order of 5 × 10 19 cm -3 at a wavelength range of 1-5 µm

Fig 6 . 8 Figure 6 . 8 :

 6868 Figure 6.8: Experimental results of reflectance (a), Transmittance(b) and Absorptance(c) of ion-implanted BSi samples of the n and p-type wafers doped with phosphorous and boron respectively having a dosage level of 10 14 at/cm 2 compared with volume n-type doped BSi of heavy doping of the order of 5 × 10 19 cm -3 at a wavelength range of 1-5 µm

Figure 6 . 9 :

 69 Figure 6.9: :Simulation profiles of dopants (a)(Boron, B+) (b)(Phosphorous, P+)concentration across depths of the same BSi wafers as that of Fig 6.8 of p and n-type at 84 • tilt, where the revised threshold depth, d* for different samples have been indicated; (c) Calculated attenuation constant, 1-e -d * /δ for different revised threshold depths(d*) for different samples of BSi.

Fig 6 . 9

 69 Fig 6.9(a) shows the simulation profiles of dopant(Boron, B+) concen-

Fig 6 . 9

 69 (a) and (b). This also attests further that below a dosage level of 10 16 , a high attenuation constant cannot be achieved. For both Wafers 2 and 11, the condition of d * << δ holds true, after cross-referring with Fig.6.3.6.2.3.4 Boron Implanted N-type and Phosphorous Implanted P-type BSi wafersTo analyse the effect of dissimilarity in the type of dopant and the type of wafer, two wafers of n-type and p-type(Wafer 6 and 12) were implanted with opposite dopants i.e n-type implanted with p-type dopant i.e boron and p-type implanted with n-type dopant i.e phosphorous. It is observed in Fig.6.10, that p-type wafer implanted with n-type dopant or Wafer 6 has lower absorptance than n-type wafer implanted with p-type dopant. Wafers 12 and 6 have absorptance levels dropping to 85% and 65% respectively at 5 µm.

Fig 6 .Figure 6 . 10 :

 6610 Fig 6.11(a) shows the simulation profiles of dopant(Boron, B+) concentration across depths of BSi wafer 12 and (b), shows the simulation profiles of dopant(Phosphorous, P+) concentration across depths of BSi wafer 6, at 84 • tilt,

Figure 6 . 11 :

 611 Figure 6.11: :Simulation profiles of dopants (a)(Boron, B+) (b)(Phosphorous, P+)concentration across depths of the same BSi wafers as that of Fig 6.10 of p and n-type at 84 • tilt, where the threshold depth, d for different samples have been indicated; (c) Calculated attenuation constant, 1-e -d/δ for different threshold depths(d) for different samples of BSi.

10 Figure 6 . 12 :

 10612 Figure 6.12: (I): Experimental results of reflectance (a), Transmittance(b) and Absorptance(c) of ion-implanted BSi samples of the p-type wafer having different dosages but same energy of 100 KeV compared with volume n-type doped BSi of heavy doping of 5 × 10 19 cm -3 at a wavelength range of 5-25 µm; (II)Experimental results of reflectance (a), Transmittance(b) and Absorptance(c) of ion-implanted BSi samples of the n-type wafer having different energies having different dosages but same energy of 100 KeV compared with volume n-type doped BSi of heavy doping of 5e19 cm -3 at a wavelength range of 5-25 µm;

Fig 6 .

 6 Fig 6.12(I) shows the reflectance(a), transmittance(b), and absorptance(c)of ion-implanted BSi samples of p-type wafers doped with boron, subjected to the same ion-beam energy i.e 100 KeV. Here in these sets of results, the trends in the radiative optical properties of ion-implanted BSi that we had observed in the previous sections, is changed. Contrary to Fig6.4, Fig. 6.12(I)(a),

Fig 6 . 7 and 8 .

 678 Fig 6.12(II) shows the reflectance(a), transmittance(b), and absorptance(c)of ion-implanted BSi samples of n-type wafers doped with phosphorous, subjected to the same ion-beam energy i.e 100 KeV. The same trend is observed in these sets of results as well. The samples with the highest dosage records the highest reflectance from 5-5 µm, which in this case are samples from Wafers 7 and 8. The lowest reflectance is recorded by the reference wafer 101, followed by samples from Wafer 10. As was observed in Fig 6.12(I)(b), here as well, the transmittance for the reference wafer and that of the lowest dosed wafer i.e, Wafer 10, records the highest value. As a result, the absorptance of samples of Wafer 7 and 8, maintain the highest absorptance of 96% which quickly drops to 25% at 25µm. None of the samples reach the highest broadband absorptance of 99% of volume doped BSi, indicated in the figure as HD BSi.

  It has to noted that although surface doping on BSi provides a maximum absorption of 98% for a narrow wavelength range, it does not reach the highest levels of absorptance recorded by volume-doped BSi.6.2.3.6 Morphological Changes in BSiMorphologically speaking, referring to Fig 6.13(I) and Fig 6.14(I), there is no marked change in the height of BSi cones nor does the change in mean spacing in between the BSi cones differ drastically as the dosage and the energy increases from one wafer to the other. The tables in Fig 6.13(II) and Fig 6.14(II) show the morphological details of the wafers in question. In an earlier work in literature[13],

Figure 6 . 13 :Figure 6 . 14 :

 613614 Figure 6.13: (a-c)Surface morphology of three p-type BSi wafers with different dosage levels at an ion beam energy of 100 KeV. Both 20 • tilt view and side view images of all the wafers are shown. The side view images are marked with the corresponding etching depth(H2) and cone heights(H1). (II) The table in the subfigure provides a summary of the samples' main features such as implantation dosage etching depth, mean cones height and mean cones spacing.
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 2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification diode made of two nanoparticles coupled with the nonreciprocal surface modes of a magneto-optical substrate.
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 23 Mapping of Radiative Thermal Rectification Potential of Bulk Materials8.2.3.1 TheoryVariation of the heat flux magnitude when the sign of the temperature gradient between two points is reversed is the basic definition of thermal rectification. Let8. APPENDIXus consider two thermal reservoirs 1 and 2 at two different temperature T 1 and T 2 , respectively, with T 2 > T 1 . The temperature difference between the two reservoirs is noted ∆T = T 2 -T 1 . This temperature difference results in heat flux Φ F . We will refer to this initial configuration as forward bias configuration. If we invert the temperature difference between the two reservoirs, i.e if we set reservoir 1 temperature to T 2 and reservoir 2 temperature to T 1 , a reverse bias flux Φ R is observed. Thermal rectification occurs when the heat fluxes in forward Φ F and reverse bias Φ R , under the same magnitude of the thermal potential difference, i.e for a constant |∆T | but with opposite ∆T signs, are unequal. Thermal rectification is generally quantified, even though it is not the only indicator encountered in the literature, by means of the normalized rectification coefficient[1, 8] which can be defined as:R = |Φ F -Φ R | max(Φ F , Φ R ) (8.1)where, Φ F and Φ R denote the heat flux under forward and backward bias, respectively. In this paper, the definition of normalized rectification coefficient given in equation 8.1 is preferred because it provides bound rectification coefficient val-

  Considering

8. 2 Figure 8 . 1 :

 281 Figure 8.1: (a)Forward and (b) Reverse bias conditions of HT between two semiinfinite planes acting as thermal baths separated by a vacuum gap of thickness, d. Thermal rectification occurs only when, Φ F and Φ R denoting the heat flux in the forward and reverse operating modes under two temperatures (T 2 >T 1 ), are unequal. The gap width (d) is assumed to be much larger than the dominant thermal radiation wavelength (Wien wavelength, λ W (T )).

∞ λ=0 [

 λ=0 I 0 (λ, T 1 )I 0 (λ, T 2 )]τ (λ, T 1 , T 2 )dλ (body intensity at a temperature T and wavelength λ, where h, c, k B and T are Planck's constant, the speed of light in vacuum, Boltzmann constant and the absolute temperature respectively[101] andτ (λ, T 1 , T 2 ) = (λ, T 1 ) (λ, T 2 ) 1 -ρ(λ, T 1 )ρ(λ, T 2 ) (8.4)
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 22 Figure 2: Emissivity of a few common materials found in literature-(a) GaSb (b) InAs (c) GaAs (d) Ge (e) SiC (f) ZnS at T 1 =300K and T 2 =500K.

Figure 8 . 2 :

 82 Figure 8.2: Emissivity of a few common materials found in literature-(a) GaSb (b) InAs (c) GaAs (d) Ge (e) SiC (f) ZnS at T 1 =300K and T 2 =500K.

A

  simple Matlab program based on equations 8.1 to 8.5, was implemented to quantify the thermal rectification coefficient for different pairs of materials, which takes the emissivity data-set of two different materials and their temperature as input and calculates the forward and reverse bias fluxes, thereby finally giving the value of RTR coefficient as defined in equation 8.1. Radiative optical properties of the materials under consideration were studied at a temperature difference of 200 K, with T 1 =300K and T 2 =500K while the spectral range taken into account is 1 -25 µm. This temperature range was considered under the constraints of data availability. Table8.5 shows the list of materials considered in this study, divided into subcategories: metals, semiconductors, ceramics and rare-earth materials for a classified approach. The respective unequal RHF density transmission coefficients in forward and reverse directions for considered pairs of materials are illustrated in

8. 2 Figure 8 . 3 :

 283 Figure 8.3: Obtained RHF density transmission coefficients in forward and reverse bias configurations between two materials-(a) SiC/DBuSi(1 × 10 20 cm -3 ) ; (b) GaAs/GaSb; (c) SiC/GaSb; (d) SiC/Au; (e) InAs/Cu (f) InAs/SiC at T 1 =300K and T 2 =500K.

Fig. 8 .

 8 Fig.8.3, while Table 8.4 summarises the obtained RTR coefficient for all possible
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 2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification

Figure 8 . 5 :

 85 Figure 8.5: Normalized RTR(%) coefficient i.e RTR coefficients of thermal rectifiers made of pairs of considered materials normalized by the thermal bias.

Figure 8 . 6 :

 86 Figure 8.6: TCE(%) of thermal rectifiers made of pairs of considered materials.
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 11 Radiative properties of Black Silicon absorbers in literature1 

Table 1 . 2 :

 12 Radiative properties of Non-Si Black absorbers in literature
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 32 Summary of Simulation Results on BSi for making broadband, highly absorbing BSi

	Parameters	Conclusion
	Effect of Doping	For higher doping, higher but narrower
		spectral range of absorption is obtained.

For moderate level of doping, broader but lower level of absorptance is obtained.

Table 4 . 1 :

 41 Summary of Experimental Results on BSi for making a broadband absorber

	Parameters	Conclusion
	Effect of Doping	For higher doping, higher but narrow
		range of absorption is obtained. For mod-
		erate level of doping, broader but lower
		level of absorptance is obtained. Hence, a
		trade off is involved.
	Effect of Topographical As-	For higher cone heights, higher absorption
	pect Ratio	is obtained. Mean spacings have no ap-
		parent effect on absorptance.
	Effect of Etching Time	Higher the etching time, higher is the level
		of IR absorptance.
	Effect of Angle Incidence	Definitive effect on absorptance above an-
		gles of incidences of 30 • and pronounced dif-
		ference above 70 • .
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Table 5 . 1 :

 51 Uncertainty sources for emissivity measurements using the direct emissivity setup and their respective sub-sources. N.S.: not significant

	Source of uncertainty	Symbol Distribution
	1) Signal ratio	Q	
	Sample signal repeatability	S s	Gaussian
	Blackbody signal repeatability	S bb1	Gaussian
	FTIR non-linearity		N.S.
	Size-of-source effect		N.S.
	FTIR drift		N.S.
	Optical path difference	a	Gaussian
	2) Sample surface temperature	T s	
	Repeatability and inhomogeneity		t-distribution
	Material of heater surface		Rectangular
	3) Surroundings temperature	T sur	
	Repeatability and inhomogeneity		t-distribution
	Emissivity of the surroundings	sur	N.S.
	4) Blackbody references		
	Repeatability		Gaussian
	Inhomogeneity		Gaussian

Table 6 . 1 :

 61 Ion-implantation conditions and wafer details of the BSi samples under study

	Wafer ID Wafer Type Resistivity Type of Dopant Energy Dosage
			(Ohm.cm)	(KeV) (at/cm 2 )
	1	P	1-20	B11	100	1e17
	2	P	1-20	B11	100	1e14
	3	P	1-20	B11	100	2e15
	4	P	1-20	B11	50	2e15
	5	P	1-20	B11	30	2e15
	6	P	1-20	P31	70	1e15
	7	N	1-20	P31	100	1e17
	8	N	1-20	P31	100	2e16
	9	N	1-20	P31	100	2e16
	10	N	1-20	P31	100	1e15
	11	N	1-20	P31	80	1e14
	12	N	1-20	B11	70	1e15
	100		Reference P-type Wafer		
	101		Reference N-type Wafer		
	HD BSi		Volume N-type Doped BSi		

  Since our main concern has always been the highest levels of doping, here in this very first set of figures, we only include samples that have dosages ≥ 10 15 at/cm 2 to establish a trend in the considered samples' radiative optical properties. In Fig.6.4, we see that the sample of highest dose i.e dosage >1e15 at/cm 2 i.e sample 1, records the lowest level of reflectance of 1.644% at 5 µm. The transmittance of samples of wafers having the highest dosage i.e >1e15 at/cm 2 have transmittance lower than 20%. Interestingly, samples from wafer 1 having the highest dosage of 1e17 at /cm 2 , record the lowest transmittance among all wafers, with a maximum value from 1.3-5µm, which reaches a level of only 3.8% and then reduces to 0.98%. All other samples record a transmittance higher than 20%, indicating that doping is not enough to stop light from going through the sample. It is also noticeable that the highest transmittance is recorded by the undoped p-type wafer marked 100. As is evident from Fig 6.4(c), Wafer 1 also provides the highest level of absorptance of 98.92% till 2 µm and then drops to 95.6% at 2.6 µm and then rises to 97.8% at 5 µm, eventually showing a very good absorbance of more than 95.6% over the whole spectral range up to λ=5 µm. None of the other wafers retain the initial absorptance response of 98% which drops swiftly down to 65% over the entire range of 1-5µm. The lowest absorptance is provided by the reference wafer 100, which has no surface doping at all. At this juncture, from what we have observed, the result of high dopant dosage on the absorptance of ion-implanted BSi, is clear. In the forthcoming paragraphs, we aim to elucidate the nature of the effect of surface doping and distinguish it from what we have already seen in previous chapters where the results were only concerned with volume-doping.

	6. PERSPECTIVES
	ion-implanted BSi samples of the p-type wafer having different levels of dosage
	have been shown.

  6.8. Consequently, Wafer 1 still maintains the highest absorptance of 97% but drops swiftly to 27.85% at 25 µm. The next highest absorptance is provided by samples from Wafer 3, where it drops from a level of 69% at 5µm to 44% at 25µm. None of the samples reach the highest broadband absorptance of 99% of volume doped BSi, indicated in the figure as HD BSi.

Sample Implantation Dosage (atm/cm 3 ) Etching Depth (H 1 ) Cone Height (H 2 ) Mean Spacing

  

		6.2 Surface Doping in Black Silicon
		P-Type Wafer		
	20°Tilt View	Side View
	(40K Zoom)	(15K Zoom)
			Wafer 2		
				H 1 =2.910 µm
	(a)		H 2 =2.281 µm
	1 µm		1 µm		
			Wafer 3		
				H 1 =2.812 µm
	(b)		H 2 =2.556 µm	
	1 µm		1 µm		
			Wafer 1		
	(c)		H 1 =2.753 µm H 1 =2.124 µm
	1 µm				1 µm
	Wafer 2	1.00E+14	2.910	2.28	0.67
	Wafer 3	2.00E+15	2.812	2.556	0.56
	Wafer 1	1.00E+17	2.753	2.124	In the case of 0.56
	surface doping, the dosage of ion-implantation is the dominant parameter in
	influencing the radiative optical properties like reflectance, transmittance, and
	absorptance. It enables in determining the suitable dosage required for maximum
	absorptance. In the present work, the highest levels of absorptance i.e 98.9% is
	provided by wafers subjected to highest boron doping dosage of the order of
	1 × 10 17 atm/cm 2 . Comparing two different types of wafers, p-type wafer offers a
	more clearer change as dosage increases keeping other parameters constant. The
	levels of highest energy also provides highest levels of absorptance but the trend
	206				

Table 6 . 2 :

 62 table in the subfigure provides a summary of the samples' main features such as implantation dosage etching depth, mean cones height and mean cones spacing is not as conspicuous as that of dosage. The radiative properties i.e, reflectance, transmittance, and absorptance of n and p-type wafers at benchmark wavelengths of 1.3, 2, 5, 8, 10, 13 µm have been noted in Table8.2 and 8.2 in Chapter 8. Summary of Results on Ion-implanted BSi Effect of Ion-Beam Energy For higher ion-beam energy, higher absorption is obtained, but less conspicuous trend.
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Table 6 .

 6 Quantitative analysis with simulation profiles of dopant concentrations and an evaluation of the respective skin depths for each sample according to their threshold depths (d) for the highest concentration, attests to the fact that highest dosage provides the highest depth, d. Only for samples where the dosage is of the order of 10 17 at/cm 2 and specifically in our case for n-type wafer doped with phosphorous, the condition for d = δ is fulfilled, which in the present case are samples from wafers 7 and 8. This explains the highest absorptances recorded by these samples within λ = 1-5µm. These conditions derived thereof for each ion-implanted sample, has been tabulated in Table6.2 and in Table6.3 . This indication provides an essential design route for the highest dosage required by

	3: Skin Depth(δ) and Threshold Depth(d ) Conditions for all Ion-
	Implanted BSi samples	
	Wafer ID d/d * &δ Relation
	1	d < δ
	2	d * < δ
	3	d < δ
	4	d < δ
	5	d < δ
	6	d < δ
	7	d = δ
	8	d = δ
	9	d < δ
	10	d < δ
	11	d * < δ
	12	d < δ

Table 7 . 1 :

 71 Summary of Simulation Results on Grated Si for tuned selective emission

Table 7 . 2 :

 72 Summary of Simulation Results on BSi for making highy absorbing broadband BSi Mean spacings have no apparent effect on absorptance.Effect of Angle IncidenceDefinitive effect on absorptance above angles of incidences of 30 • and pronounced difference above 70 • .

	Parameters	Conclusion
	Effect of Doping	For higher doping, higher but narrow
		range of absorption is obtained. For mod-
		erate level of doping, broader but lower
		level of absorptance is obtained. Hence, a
		trade off is involved.
	Effect of Topographical As-	For higher cone heights, higher absorption
	pect Ratio	is obtained.

Table 8 . 1 :

 81 Figures of Merit(FOM)for different BSi samples of n-type wafer taking their radiative properties at benchmark wavelengths of 1-5 µm

	λ(µm) Wafer No. R(%) T(%)	A(%)
		101	0.838	0.89	98.3
		7	0.714	0.36	98.95
		8	0.705	0.5	98.8
	1.3	9	0.63	0.77	98.5
		10	0.83	1.11	98.09
		11	0.88	1.17	98.08
		12	0.873	0.84	98.31
		101	1.044	3.67	95.33
		7	0.874	1.53	97.58
		8	0.865	2.04	97.09
	2	9	0.837	3.44	95.7
		10	0.978	4.38	94.64
		11	1.05	4.54	93.46
		12	0.963	5.45	95.09
		101	1.847	13.3	84.853
		7	3.789 0.06103 98.92
		8	3.699	1.202 95.099
	5	9	2.456	2.39	95.154
		10	2.259	15.94 81.801
		11	4.478	17.13 78.392
		12	2.816	13.2	83.984

Table 8 .
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	3: Figures of Merit(FOM)for different BSi samples of p-type wafer taking
	their radiative properties at benchmark wavelengths of 1-5 µm
	λ(µm) Wafer No. R(%) T(%) A(%)
		100	0.885	0.89	98.22
		1	0.723 0.375 98.90
		2	0.845 0.673 98.48
	1.3	3	0.823 1.043 98.13
		4	0.811 0.874 98.31
		5	0.816 0.737 98.44
		6	1.444 0.721 97.83
		100	1.029	2.67	96.3
		1	0.783	1.67	97.54
		2	0.946	2.67	96.38
	2	3	0.89	3.03	96.08
		4	0.91	3.003 96.08
		5	0.89	3.211 95.89
		6	1.127	2.87	96
		100	5.152 32.966 61.88
		1	1.644 0.942 97.42
		2	2.452 32.23 65.32
	5	3	1.909	28.7	69.39
		4	1.974 28.95 69.07
		5	2.6	25.632 71.77
		6	3.047 31.072 65.88
	8.4. Both sample 2 and sample 7 with the highest dosages among p-type and
	n-type wafers respectively, it seen that they are ideal for solar cells. It is there-
	fore noticeable, that various samples offer appropriate candidature for different
	applications.				
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	5: Considered Materials	
	Materials	Symbols
	Semiconductors	
	Germanium	

Table 8 .

 8 4 summarises the obtained RTR coefficient for all possible pairs of materials with 136 pairs of materials considered in this study. Among all materials under consideration, Indium Arsenide (InAs) shows the largest values of RTR coefficient, up to 96.35% when used with Ruby(Al 2 O 3 : Cr), as shown in Table.8.4. The highest value of RTR with materials other than InAs-Al 2 O 3 : Cr, can invariably be attributed to InAs-TiN which records a value Still. the pair of InAs/SiC gives the highest RTR value. so in conclusion we can still claim this pair to be ideal candidates for two terminals of a radiative thermal diode. Figure 8.4: RTR(%) coefficients of thermal rectifiers made of pairs of considered materials for a thermal bias of 200 K. of 95.54%. As can be seen in Table.8.4, all materials in combination with InAs record more than 50% RTR except Au, which has an RTR value of 45.11%. Au, in fact records greater than 40% with most materials in the table except Ge, GaAs and GaSb. Au-Ge, Au-GaAs combinations yield an RTR coefficient larger than 30% and so does the metal-metal combination of Au-Cu. Among the metals, all material combinations with Ni, consistently record greater than 50% RTR, except with Au, Cu and Al 2 O 3 . Most material combinations with Pt yield less than 8% RTR except with InAs and Ni. Among the ceramics,Al 2 O 3 combinations with other materials have RTR greater than 20 %, except with Cu and Pt. All other material combinations depicted in Table.8.4, fall below 30%. The lowest value of RTR is recorded by a combination of D Bu Si(3e20)-(Al 2 O 3 : Cr) falling below 0.01%.

	8. APPENDIX					HEAT MAP OF RTR						
										RTR Coefficient(%)						
	Materials	Ge GaAs	GaSb	Semiconductors InAs ZnS	SiC	D Bu Si (3e20)	D Bu Si (1e20)	Au	Cu	Metals Pt	Ni	W	TiN	Ceramic Al2O3	Rare Earth Ruby NdGaO3
	Ge	0	1.61	3.71	52.12	17.81	16.00	15.29	16.42	30.11	2.83	7.85	67.11	31.24	37.39	43.67	40.26	36.60
	GaAs		0	5.21	51.84	16.42	14.50	13.67	14.95	31.56	4.90	1.26	68.82	8.76	3.94	37.66	4.54	0.54
	GaSb			0	47.26	20.67	18.68	17.78	19.22	27.71	0.35	1.63	70.76	8.62	0.023	40.62	0.69	4.35
	InAs				0.00	58.80	90.50	58.77	59.37	45.11	59.96	68.38	89.23	94.38	95.54	90.55	96.35	95.49
	ZnS					0	1.55	3.49	1.88	43.24	19.27	1.62	69.93	7.58	0.11	39.12	0.40	3.70
	SiC							0	1.26	0.36	42.47	20.05	1.54	70.78	9.43	1.4	40.75	2.72	2.94
	D Bu Si (3e20)								0	1.43	42.40	19.85	1.64	69.84	7.28	0.40	38.94	0.004	3.92
	D Bu Si (1e20)									0	42.41	19.92	1.64	69.83	7.31	0.40	38.92 0.0292	3.93
	Au										0	33.63	37.12	28.78	41.98	41.29	39.19	42.44	42.34
	Cu											0	12	26.99	18.78	4.79	7.47	20.21	20.12
	Pt												0	50.53	2.37	7.53	12.15	1.66	1.33
	Ni													0	67.05	63.85	38.88	70.80	69.75
	W														0	31.90	33.47	8.43	9.48
	TiN															0	20.94	51.13	45.85
	Al 2 O 3																0	40.64	39.14
	Ruby																	0	4.87
	NdGaO 3																		0
					0					50						100		

COMMENT:

  .5, the normalized RTR coefficient which is defined as a ratio of RTR to the magnitude of the considered thermal potential difference |∆T |. Note that this definition of normalized RTR enables comparison of different pairs of materials operating under different thermal potential differences. However, this particular definition is not applicable for PCM materials which exhibit a significant change of their radiative properties with a very small 8.2 Appendix to Perspectives: Prospective Applications of Silicon Metasurfaces for Far-field Radiative Thermal Rectification

	Materials	Ge GaAs	GaSb	Semiconductors InAs ZnS	SiC	D Bu Si (3e20)	D Bu Si (1e20)	Au	Cu	Metals Pt	Ni	W	TiN	Ceramic Al2O3	Rare Earth Ruby NdGaO3
	Ge	0.00 0.01	0.02	0.26	0.09	0.08	0.08	0.08	0.15	0.01	0.04	0.34	0.16	0.19	0.22	0.20	0.18
	GaAs	0.00	0.03	0.26	0.08	0.07	0.07	0.07	0.16	0.02	0.01	0.34	0.04	0.02	0.19	0.02	0.00
	GaSb		0.00	0.24	0.10	0.09	0.09	0.10	0.14	0.00	0.01	0.35	0.04	0.00	0.20	0.00	0.02
	InAs			0.00	0.29	0.45	0.29	0.30	0.23	0.30	0.34	0.45	0.47	0.48	0.45	0.48	0.48
	ZnS				0.00	0.01	0.02	0.01	0.22	0.10	0.01	0.35	0.04	0.00	0.20	0.00	0.02
	SiC					0.00	0.01	0.00	0.21	0.10	0.01	0.35	0.05	0.01	0.20	0.01	0.01
	D Bu Si (3e20)							0.00	0.01	0.21	0.10	0.01	0.35	0.04	0.00	0.19	0.00	0.02
	D Bu Si (1e20)								0.00	0.21	0.10	0.01	0.35	0.04	0.00	0.19	0.00	0.02
	Au									0.00	0.17	0.19	0.14	0.21	0.21	0.20	0.21	0.21
	Cu										0.00	0.06	0.13	0.09	0.02	0.04	0.10	0.10
	Pt											0.00	0.25	0.01	0.04	0.06	0.01	0.01
	Ni												0.00	0.34	0.32	0.19	0.35	0.35
	W													0.00	0.16	0.17	0.04	0.05
	TiN														0.00	0.10	0.26	0.23
	Al 2 O 3															0.00	0.20	0.20
	Ruby																0.00	0.02
	NdGaO 3																	0.00
				0					0.1						0.5		

Table 3.1: Summary of Simulation Results on Grated Si for tuned selective emission
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 [62]of wavelengths that are focused onto the detector in [63](InSb quantum detector).

The first filter had 3.9-4.0 micron pass-band. The second filter had 4.4-4.9 micron pass-band. Both are commercially available filters from OFC Corporation. The detector is calibrated against a source of known intensity, a black body. The IR camera was calibrated by finding the IR camera signal for a given temperature for a perfectly emissive blackbody. Then, the sample intensity was measured at the same temperature. The intensity of the sample, which is placed before the window indicated in Fig. 5.5, was measured while its temperature was monitored by a thermocouple bonded to the edge. To insure that the intensity and the temperature data were taken at the same time, the camera recorder and the temperature acquisition system were triggered simultaneously. The ratio of the intensities at any given temperature was the emissivity of the material under test. Camera settings were held constant for both blackbody and sample measurements. This included all offset and gain settings, as well as external iris, if any. The integration time was allowed to vary, to extend the dynamic range. As long as all other settings remained constant, the output of the camera scaled linearly with the Chapter 6 Perspectives Contents 6. PERSPECTIVES which then rises to only 1.84% at 5 µm. The level of reflectance rises as dosage decreases. Similarly, for transmittance, samples of the wafer having the highest dosage record the lowest transmittance. Among all the samples of the n-type wafer, it is observable that only those with heavy doses of ion-implantation, i.e >1e15 at/cm 2 have transmittance below 5%. Interestingly, for samples 7, 8, till 5 µm, there is a noticeable peak of transmittance which reaches 1.5%, 4.5% and then reduces to 0.023%, 0.123%, respectively for the entire range from 1.3-5 µm.

All other samples rise above 15% of transmittance and the highest value is reached by the n-type reference wafer 101, which has no surface doping. When compared to volume-doped n-type BSi samples, no ion-implanted sample records such low transmittance levels of 0.02%, but they keep at reasonable levels below 5%. . If we take the absorptance of all these samples, the highest level of 98.86-96.35% in the wavelength range 1.3-5 µm, is reached by sample 7 with the highest dose of ion-implantation, and it therefore behaves the best among n-type surface-doped samples. The reference sample understandably records the lowest absorptance.

In wavelength ranges greater than 5 µm, the highest absorptance is recorded by different samples(see Fig. 6.12). As was seen with p-type wafers, fig 6.7(a) shows that the wafer which represents the lowest reflectance, lowest transmittance, and highest absorptance, in this case, Wafer 7, retains the highest level of concentration for the highest depth. The implantation at 84 • retains the highest concentration of 3.5× 10 20 at/cm 3 and drops from a threshold of the order of 10 19 at/cm 3 at d = 0.335 µm. For wafer 8, which has a dosage of 2 × 10 16 at/cm -2 , also retains its highest concentration of the order of 10 19 at/cm 3 till a threshold depth, d = 0.3 µm. This does not happen for Wafer 10, whose dosage is of the order of 1 × 10 15 at/cm -2 where the concentration drops at the lowest d = 0.17 µm. It is to be noted specifically,that Wafer 10 offers a kind of peak, instead of a flatter curve in retention of this dopant concentration. Taking account of these depth values, we proceed towards determining the attenuation constant, 1-e (-d/δ) for all the considered samples as

Summary

The thesis's fundamental objective is to investigate the critical absorption properties of Si-based metasurfaces. From highly doped grated flat silicon to BSi and then to highly doped broadband BSi, thereby transitioning from periodic to nonperiodic structures, in the infrared spectral range up to λ = 25 µm, this thesis made a few notable contributions to the domain, summarised below.

In Chapter 2, we explain the various fabrication methods that have been used in the past for creating BSi, describing the cyro-DRIE procedure that has been used by colleagues in the ESIEE Paris cleanrooms to create BSi samples.

Following the fabrication of the BSi samples, we provide the SEM grey-level characterization of our BSi samples, which yields critical information about the BSi morphological complexities. Mapping these complexities to quantify the effect of doping and its consequent influence on BSi morphology provides compelling evidence of BSi's unrivaled light-trapping potential.

In Chapter 3, we present a comprehensive study of the radiative properties modelling of Si-based metasurfaces. We present different methods of modelling Si-based metasurfaces used for reflectance simulations achieved by various modelling techniques such as RCWA(mainly for grated and flat Si simulations), FEM and also taking the advantage of EMT simulation results accomplished in the same research group for effective comparison, the main modelling parameter being the dielectric permittivity. We present the ultimate design rules for the creation of selective and broadband absorber with Si. For grated silicon, the objective has always been tuned selective emission and the various parameters that have been instrumental in influencing the absorption peaks have been studied as a starting point of the transition from periodic to non-periodic microstructurations on silicon. In the results discussed in this chapter, we see that sharper peaks occur at lower wavelength ranges for higher doping levels. In fact for doping levels above 1 × 10 20 cm -3 , it is seen that the no of peaks in the NIR range increases. Also, we see that in the variation of the doping levels, higher levels of doping corresponds to higher level of absorptance peaks in lower wavelength range. However for, lower values of doping, (<10 combinations that we had seen in the previous sections. If we recall, the effect of temperature on the absorptance of grated silicon from Fig. 3.9, we had seen that the level of absorptance increases with increasing temperature. It is well established that, grated silicon gives rise to tuned emission in the MIR spectrum and as we have seen in simulation results in Chapter 3, that higher grating period gives rise to narrower emission peaks. We can notice this perhaps less conspicuously, in the table of Fig8.7, where between GSi(3e20, 6 µm) and GSi(3e20, 12µm) there is a slight difference in RTR(%). Perhaps in radiative thermal rectification too, geometrical asymmetry has an important role to play. The above results establish the fact that grated silicon and InAs are excellent candidates for two ends of a thermal rectifier. In the above results periodic nanostructures on Si has been considered. But future work demands that we move from periodic to non-periodic micro-structures on Si, such as black silicon(BSi). This would have given us an excellent opportunity to have explored this arena as well, but literature data on BSi IR properties are rare and though this thesis provides the Pour la conception de métamatériaux infrarouges, l'optimisation de leurs propriétés radiatives est essentielle, comme l'exigent la détection du rayonnement IR, la récolte d'énergie thermique et le refroidissement radiatif. Certaines applications nécessitent des émetteurs à large bande, d'autres des émetteurs sélectifs. Pour les émetteurs à large bande et sélectifs en longueur d'onde, cette thèse décrit leur conception, leur développement, leur fabrication et leur caractérisation. Les conceptions d'émetteurs sélectifs et à large bande ont été optimisées à l'aide de simulations électromagnétiques numériques utilisant la méthode de la matrice de transfert (TMM), l'analyse rigoureuse des ondes couplées (RCWA) et la méthode des éléments finis (FEM). L'influence du dopage, des caractéristiques morphologiques du BSi et de l'angle d'incidence sur l'absorption du BSi a été étudiée en utilisant des modèles FEM et la spectroscopie infrarouge pour caractériser les propriétés radiatives des échantillons fabriqués. L'émissivité des échantillons fabriqués a été mesurée directement et indirectement. Ainsi, les directives de conception pour l'obtention de silicium ultra-noir et ultra-large bande sont établies. Mots clés: black silicon, métamatériaux infrarouges, émissivité, absorbeurs à large bande, émetteurs sélectifs
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