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« Not everything that can be counted counts, and not everything that counts can be counted. » 

William Bruce Cameron   
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Résumé  Les vitrages modernes comportent des revêtements nanométriques permettant de modifier leurs caractéristiques. Les revêtements basse émissivité améliorent les performances ther-miques d’un vitrage grâce à une fine couche métallique, cependant cette dernière nuit à la transmission des micro-ondes utilisées pour les télécommunications. Les revêtements élec-trochromes permettent de moduler les gains solaires d’un bâtiment tout en préservant la vue vers l’extérieur. Des produits commerciaux existent mais leur amplitude et vitesse de coloration ainsi que leur durabilité est perfectible. Cette thèse de doctorat s’intéresse à l’étude des propriétés électroniques et optiques de ces revêtements pour mieux les adapter à leur application. Une approche innovante afin d’améliorer le passage des micro-ondes à travers un revête-ment conducteur transparent est présentée. De premiers tests sont réalisés pour valider le concept et une gamme de motifs réalisés par ablation laser est déterminée. Une transmis-sion des micro-ondes quasiment aussi haute que le verre non revêtu est obtenue tout en préservant les qualités thermiques et visuelles. Des vitrages comprenant ce revêtement sont déjà utilisés par une entreprise ferroviaire suisse pour équiper les fenêtres de ses wa-gons et ainsi éviter l’usage d’amplificateurs de signal. Les revêtements conducteurs transparents sont aussi utilisés comme électrode dans les vitrages électrochromes. Afin de ne pas endommager les couches sous-jacentes, un dépôt sans chauffage est préférable. Des paramètres de dépôt donnant des propriétés optiques et électriques convenables sont présentés. La présence d’un électrolyte polymère ou gel limite la durabilité, justifiant l’étude de dispo-sitifs electrochrome tout-solide et inorganiques. La cinétique et le contraste de coloration de l’oxyde de tungstène (WO3) peut être améliorée en augmentant la nanoporosité de la couche. Par ailleurs, l’utilisation d’un  nanocomposite nickel-tantale-oxygène permet d’obtenir un meilleur rendu de couleur. En combinaison avec un électrolyte solide d’oxyde de tantale, le passage des ions lithium devrait être facilité. D’autres électrolytes solides tels que l’oxynitrure de phosphate de lithium (LiPON) et l’oxyde de titane lithium lanthane (LLTO) sont envisagés. Il est montré que la stabilité du LiPON dans l’air ambiant peut être améliorée en augmentant la quantité d’argon dans un plasma argon-azote durant le dépôt. De plus, il est montré que le LLTO présente une trans-mittance solaire élevée. 
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L’insertion de lithium lors d’un procédé sous vide faciliterait la production des dispositifs électrochromes. Une méthode de lithiation par voie sèche, ne nécessitant pas l’usage d’éléments sensible à l’humidité, est présentée. Utilisée pour la lithiation d’un film de WO3, elle permet de réduire sa transmittance lumineuse de 83 à 2%. Des dispositifs électrochromes tout solide, comprenant une étape de lithiation sous vide et un électrolyte inorganique sont produits, principalement avec des cibles métalliques, ce qui permet d’obtenir des vitesses de dépôt plus élevées qu’avec des cibles céramiques. Par ailleurs, l’étude des interfaces, et des films lithiés, par spectroscopie photoélectronique permet d’obtenir des informations menant à une meilleure compréhension des hétérostruc-tures composant la cellule électrochrome. Ces connaissances visent à contribuer à l’élaboration de vitrages électrochromes optimisés pour une meilleure gestion des gains solaires et de la lumière du jour.            
Mots-clés Couches minces, vitrages avancés, revêtements fonctionnels, ablation laser, basse émissivi-té, transmission des micro-ondes, pulvérisation cathodique, électrochromie, oxyde électro-chrome, electrolyte solide, colorimétrie, nanocomposites.   
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Abstract   Modern envelope glazing relies on nanoscale coatings to meet a range of specific needs. Low emissivity coatings can improve the thermal performance of glazing thanks to a thin metal-lic film. However, the conductive nature of this layer leads to an attenuation of the micro-waves used in telecommunications. Electrochromic coatings on the other hand can modu-late the solar heat gains of a building while preserving the view toward the exterior. Yet, the switching speed and contrast as well as the durability of commercial products are unsatis-factory. This thesis focuses on the improvement of the electronic and optical properties of such coatings to address the shortcomings listed above. A novel approach to increase the transmission of microwaves through transparent conduc-tive coatings is presented. Experiments are performed to validate the proof of concept, a variety of patterns obtained by laser ablation are then determined. These allow a transmis-sion of microwaves close to the one of uncoated glass while preserving the thermal and vis-ual properties of the glass. Glazing with these novel coatings is now used by a Swiss railway company for the windows of its wagons to avoid the use of signal amplifiers. Transparent conductive coatings are also used as electrode in electrochromic devices; in order not to damage the underlying layers, deposition of this electrode without heating is preferable. Deposition parameters giving suitable optical and electrical properties are pre-sented. Since gel or polymer electrolytes limit the durability of electrochromic glazing, all-solid state, inorganic devices are considered. The optical contrast and switching dynamics of tungsten trioxide can be improved by increasing the nanoporosity of the layer. Further-more, the use of a nickel-tantalum oxide nanocomposite for the counter electrode yields a better color rendering. In combination with tantalum pentoxide as a solid electrolyte, the migration of lithium ions should be facilitated. Other solid electrolytes such as lithium phosphate oxynitride (LiPON) and lanthanum lithi-um titanium oxide (LLTO) are envisioned. It is shown that the stability of LiPON in ambient air can be enhanced by increasing the amount of argon in an argon-nitrogen plasma during deposition. In addition, it is shown that LLTO films have a high solar transmittance, allowing its use in electrochromic devices. 
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Lithium insertion during a vacuum process would facilitate the production of electro-chromic devices. A dry lithiation method, which does not require the use of elements sensi-tive to humidity, is presented. Used for the lithiation of a tungsten trioxide, it makes it pos-sible to reduce its light transmittance from 83 to 2%. All-solid-states devices, lithiated in vacuum and produced using a nanoporous tantalum pentoxide as a lithium ion conductor, exhibit a fast switching time and a good contrast. Ex-cept for the top electrode, they are manufactured using metallic sputtering targets, which allow faster deposition rates compared to ceramic targets. Additionally, the study of lithiated films and interfaces by photoelectron spectroscopy pro-vides information on the modification of the work function and oxidation levels of the host material, leading to a better understanding of the semiconductor heterostructures consti-tuting all-solid-state-devices. These insights are expected to help to develop optimized electrochromic glazing for a better management of solar heat gains and daylight in buildings.          
Keywords Thin films, advanced glazing, functional coatings, laser scribing, microwave transmission, magnetron sputtering, electrochromics, mixed oxides, solid electrolyte, nanocomposites. 
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Nomenclature   
Units 

Symbol Name A Ampere K Kelvin kg Kilogram m Meter mol Mole s Second cd Candela     ° Degree of arc °C Celsius degree at:% atomic percent bar Bar C Coulomb cc cubic centimeter dB Decibell h Hour Hz Hertz J Joule l Litre min Minute Pa Pascal rad Radian S Siemens sccm Standard cubic centimeters per minute sr Steradian T Tesla V Volt W Watt Ω Ohm 
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Constants 

Symbol Name Value Unit c speed of light 299 792 458 m/s e elementary charge 1.6021·10-19 C F Faraday constant 9.64853399∙104 C∙mol−1 ℏ reduced Planck constant 6.582119514·10-16 eV.s kB Boltzmann constant 8.6173303·10−5 eV.K-1 me rest mass of an electron 9.11⋅10−31  kg R universal gas constant 8.314472 J∙K−1∙mol−1 π Pi 3.141 592 653 589 793 - σ Stefan-Boltzmann's constant 5.67 10-8 W.m-2.K-4 
 

Variables 

Symbol Name Unit e elementary charge C A area cm2 C electrical capacitance F CE Coloration Efficiency mC/cm2 CPE Constant Phase Element F Ea activation energy eV f frequency Hz h heat transfer coefficient W.m-2.K-1 ht total thermal conductance  W.m-2.K-1 
m* effective mass of the carriers kg or me n carrier concentration of electrons cm-3 OD Optical Density - p carrier concentration of holes cm-3 Q charge mC/cm2 R  electrical resitance Ohm Ra color rendering index - T temperature K  t time s, min or h U, U value thermal transmittance W.m-2.K-1 Z impedance Ohm α aborptance   Δ phase difference (in ellispometry) rad ε emissivity % ε0 vacuum permittivity F.m-1 λ wavelength  nm or m μn,p electrons, holes carrier mobility  cm2·V-1·s-1 ρ reflectance   σ electrical conductivity S.cm-1 σi ionic conductivity S.cm-1 τ transmittance   Φ work function eV ψ amplitude component (in ellispometry) rad ωp plasma frequency rad·s-1 
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Acronyms and abbreviation 

Symbol Name © Copyright ®  Registered trademark AC Alternative Current AM0 Air Mass zero, solar radiation quantities outside the Earth's atmosphere AM1.5 Air Mass of 1.5 (solar zenith angle of 48.19°) ASTM American Society for Testing and Materials at. atomic AZO Aluminium doped Zinc Oxide BE Binding Energy CA Chrono-Amperometry CAE Constant Analyzer Energy CBM Conduction Band Minimum CIE International Commission on Illumination CLC Cholesteric Liquid Crystals  cos cosine of an angle CRI Color Rendering Index CRR Constant Retardation Ratio CV Cyclic Voltammetry D65 Standard Illuminant representative of daylight (temperature of ~ 6500 K) DC Direct Current DC-p Bipolar-pulsed Direct Current DFT Density Functional Theory e.g exempli gratia in Latin, “for example” EC Electrochromic EC-PC Ethylene Carbonate - Propylene Carbonate EDX Energy-Dispersive X-ray spectroscopy EF Fermi level EHT Electron High Tension (SEM) EIS Electrochemical Impedance Spectroscopy EN European Norm EPFL Ecole Polytechnique Fédérale de Lausanne eq. equation ESB Backscattered electrons ETHZ Ecole Polytechnique Fédérale de Zurich EU European Union FSS Frequency Selective Surface FTIR Fourier-Transform InfraRed spectroscopy  FTO Fluor doped Tin Oxide FWHM Full-Width at Half-Maximum G173 Reference Solar Spectral Irradiance at Air Mass 1.5 (ASTM G-173-03) GSM Global System for Mobile communications i.e. id est in Latin, "that is" 
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IEA International Energy Agency IMFP Inelastic Mean Free Path IR Thermal infrared range of the electromagnetic spectrum (0.8 - 50 μm) ITO Indium Tin Oxide KE Kinetic Energy LESO Laboratoire d'Energie Solaire et Physique du Bâtiment Li-PC Propylene Carbonate containing dissolved LiClO4 LiPON Lithium phosphate oxynitride LLTO Lithium lantanum titanium oxide (Li3xLa2/3-x)TiO3 low-e Low emissivity MF Medium Frequency MIR Middle infrared range of the electromagnetic spectrum (2.5 - 20 μm) MW Microwaves range of the electromagnetic spectrum (5-50 cm) NIR Near infrared range of the electromagnetic spectrum (780-2500 nm) NIST National Institute of Standards and Technology NMR Nuclear Magnetic Resonance NW nanowires PC Propylene Carbonate PDLC Polymer Dispersed Liquid Crystal pp percentage points RF Radio-Frequencies RMSE Root Mean Square Error RSF Relative Sensitivity Factor SCCER FEEB&D Swiss Competence Center for Energy Research Future Efficient Energy Districts and Buildings SEA Spectroscopic Ellipsometry Analyzer software SEM Scanning Electron Microscopy sin sine of an angle SPDs  Suspended Particle Devices SUT Sample Under Test SWNT Single-Walled Nano-Tubes tan tangent of an angle UMTS Universal Mobile Telecommunications System UPS Ultraviolet Photoelectron Spectroscopy USA United States of America UV Ultraviolet V(λ) Spectral luminous efficiency for photopic vision VBM Valence Band Minimum Vis Visible range of the electromagnetic spectrum (380-780 nm) VNA Vector Network Analyzer vol. Volume WD Working Distance (SEM) WP Working Pressure (during sputtering deposition) wt. Weight  XPS X-ray Photoelectron Spectroscopy XRD X-ray Diffraction 
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Elements 

Symbol Name Ag Silver Al Aluminum C Carbon Co Cobalt Cu Copper F Fluor Ge Germanium H Hydrogen He Helium In Indium K Potassium Li Lithium Mg Magnesium Mn Manganese Mo Molybdenum N Nitrogen Na Sodium Nb Nobium Ni Nickel O Oxygen Sb Antimony Si Silicon Sn Tin Ta Tantalum Ti Titanium V Vanadium W Tungsten Zr Zirconium     
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 Introduction and state of the Chapter 1art 
 This chapter aims to illustrate the context of the research performed within the framework of this thesis on coatings with tailored electronic and optical properties for ad-vanced glazing. This chapter also introduces the working principles and reviews the state of the art of spectrally selective and switchable glazing. First, it unveils how it is possible to achieve high transmittance in the visible range, for low emissivity coatings having a low absorptance in the infrared. The use of these coating as transparent electrodes is described.  The idea of a frequency selective surface and its application in the microwave frequency range is described. In a second part, the concept of electrochromism and its use in switcha-ble glazing is presented. The main components contained in an electrochromic device are described and their assembly and deposition methods are exposed. 

 1.1 Context 1.1.1 Energy consumption in the building sector In its energy technology perspective report (IEA, 2017), the International Energy Agency states that the building sector is responsible for 30% of the final energy consumption worldwide and more than 55% of the global electricity demand as illustrated in Figure 1:1. In the European Union (EU 27), buildings represent the largest energy consumer with close to 40% of the final energy use in 2010 (IEA,2013). The repartition of energy consumption varies from northern to Mediterranean climates with more or less heating/cooling demand but in average space and water heating constitute about 70 % of the final energy consump-tion (IEA, 2013).  
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Figure 1:1   Global final energy consumption by sector worldwide in 2015. The building sector represent 30 % of 

energy consumption. Reproduced from (IEA, 2017). In Switzerland, close to 50% of the end energy demand is due to buildings and should be reduced considerably to meet the requirements of the Energy Strategy 2050 (SCCER, 2015). The energy balance of a building is determined by the amount of losses versus the amount of gains. Thermal energy is lost mainly through the opaque envelope of the façade, walls and roof, through ventilation and through the openings, windows and doors. Windows can also provide solar gains, which may reduce the need for space heating in winter or on the contrary, increase the need for cooling in summer. 1.1.2 Glazing in today’s architecture Building envelopes have evolved tremendously in the last centuries giving glass an increas-ing importance as illusatrated in Figure 1:2. Technological progress in the production of glass panes as well as the use of energy efficient glazing fostered the use of large glass fa-cades since the invention of the float glass process by Pilkington in 1959. Nowadays, some buildings exhibit a window-to-wall ratio of 100 %, as illustrated in Figure 1:2 c). Glazing is one of the most important elements of the façade letting in daylight and playing a main role in the aesthetic of the building. Windows also provide a view towards the outside and can control natural ventilation. However, the increased surface of glazing in building façade can also lead to excessive solar gains during sunny days and excessive heat loss during the heat-ing season. Furthermore, modern telecommunications technologies rely on microwave transmission and modern glazing can be an obstacle to them. 
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Figure 1:2   Illustration of different types of windows: a small window of an old house, windows in modern flats and 

the fully glazed façade of a library (images from the public domain). 1.1.3 Transmission of microwaves through modern glazing Windows are regarded as an important source of sunlight and thermal losses; their proper-ties regarding the transmission of microwaves are generally overlooked. However, it was found that low-emissivity coatings which greatly improve the thermal properties of win-dows, also reduces their ability to transmit the microwave used by most of today wireless telecommunication technologies. In the context of a project on the energy efficiency of train wagons, it was noticed that railway companies were reluctant to install glazing with better thermal properties due to the limitations it would imply on the availability of the telecom-munication network for passengers. A modification of the low-emissivity coatings to reduce the mobility of the electrons and limit their ability to block the electromagnetic waves used for telecommunication was thus investigated.  The aim of this research is to propose a novel type of low-emissivity coatings which com-bine high thermal efficiency with high microwave transmission without perturbing the view towards outside.  1.1.4 Solar protection in highly-glazed buildings Heating and cooling buildings represent a large share of the world energy consumption. In order to limit cooling needs, glazing with a low spectral transmittance in the solar range are used in highly glazed buildings; however, they also prevent solar gains in winter when they are desirable. Dynamic shading systems are therefore preferable and could contribute to increase the energy efficiency of buildings. Such dynamic systems could reduce the cooling load as well as the space heating needs. This research was performed in the framework of the Swiss Competence Center for Energy Research on Future Energy Efficient Buildings & Districts (SCCER FEEB&D). 
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Another important aspect of a window is to provide a view towards the exterior. In highly-glazed buildings, solar protections are needed to avoid overheating. However, these solar protections such as blinds might obstruct the view, especially in west and east orientations where the sun altitude is low. Furthermore, mechanical solutions require regular mainte-nance, which might necessitate specific equipment as illustrated in Figure 1:3, and are sub-ject to damages due to strong winds. 

 
Figure 1:3   Maintenance of the external venetian blinds on the Rolex Learning Center building, EPFL. Electrochromic windows can darken on demand to modulate solar gains, a coating or a film is applied to the glass to provide this ability. Since no mechanical parts are involved they are less subject to damages due to strong winds. Commercial products exist but their cur-rent cost limit them to a niche market. Furthermore, several challenges in terms of durabil-ity, switching time or color properties still limit their implementation. Some electrochromic windows use gel or polymer electrolytes which, as organic materials, degrade with time.  Therefore it was decided to investigate all-solid-state inorganic electrochromic devices. The electronic and optical properties of the electrochromic oxides and inorganic electrolytes are studied to get a better understanding of the mechanisms governing their relation. The influ-ence of the deposition parameters on the morphology, the stoichiometry or the switching behavior on these properties is then investigated to develop optimized coatings. A method to insert lithium in the electrochromic layer is developed and used to produce all-solid-state devices.   
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1.2 Spectrally selective glazing Selective surfaces are of special interest because their properties vary according to the part of the spectrum considered. The electromagnetic spectrum is shown in Figure 1:4 and high-lights the region of the spectrum corresponding to solar radiation, thermal infrared radia-tion and the microwaves used for telecommunications. Kirchhoff's Law states that the ab-sorptance and the emittance are equal for each wavelength (Kirchoff, 1860). However, the visible absorption coefficient can be different from the infrared one. One can take advantage of this to develop new materials tailored to their usage. The application of thin film can add new properties to glazing either constant (scratch resistance, low emissivity, electromag-netic…) or dynamic (self-cleaning, electrochromics …)(Casini, 2018). Section 1.4 will deal with the dynamic, or switchable, glazing. 

 
Figure 1:4   The electromagnetic spectrum. Adapted from (OpenStax, 2016). 1.2.1 Low emissivity coatings In a standard double glazing two third of the heat transfer is due to radiation (Grosse, 1997). Reducing the infrared emissivity of glass would therefore decrease the thermal loss-es. Low emissivity (low-e) coatings or transparent heat mirrors combine high transparency in visible range (0.4 to 0.8 μm) and high reflectivity in the thermal infrared range (6 to 12 μm). Therefore, these coatings have a low emissivity in the wavelength range where a blackbody at 300 K emits and are able to reduce the thermal losses of a conventional double glazing by almost a factor of two. Figure 1:5 illustrates single, double and triple glazing con-figurations. 

 
Figure 1:5   Different glazing types. The glass panes may be coated with low-e or solar protection coatings. The gap 

between the glass panes may be filled with air, argon or other gas.  
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The variation of emissivity on the thermal performances of a double glazing unit can be evaluated by calculating the U value, or thermal transmittance (in W.m-2.K-1) of the center of the glazing, U, according to the standard EN 673 (2011) (eq.(1),(2)):   ଵ௎ = ଵ௛೐ + ଵ௛t + ଵ௛೔  (1) he and hi are the external and internal heat transfer coefficient. ht is the total conductance of the glazing. The modification of the emissivity of the coated glass ε2 will impact the radia-tion conductance hr which is a contribution to ht (Bouvard, 2017a). All other parameters were kept constant and as specified in EN 673.  
݄r = ൬ 1ɛଵ + 1ɛଶ − 1൰ିଵ ⋅ 4 ⋅ ߪ ⋅ ܶଷ (2) Figure 1:6 shows the calculated U-value for different configurations of glazing. A double glazing with a low-e coating has a better (lower) U-value than a triple glazing without coat-ing.  

  
Figure 1:6   U-value calculated according to EN673 for a single glazing, an uncoated double glazing, an uncoated 

triple glazing, a double glazing with a low-e coating having an emissivity of 3 % and a triple glazing with one low-e 
coating having an infrared emissivity of 3 %. 3 mm thick clear glass pane(s) and 12 mm air gap(s) were used for all 

configurations. A double glazing with low-e insulates better than a triple glazing without coating. In many cases, metals have a low emissivity in the infrared; however their reflectivity in the visible range is too high to be used in architectural glass. Berning and Turner (1957) showed theoretically that a metal film can be induced to transmit a high amount of energy if embedded in carefully selected dielectrics. The thickness and the refractive indices of the non-absorbing dielectrics can be optimized to design an optical band pass filter. Earlier, Gilham (1955) showed that gold films deposited between bismuth oxide films exhibited a high visible transmittance. These coatings were used as a transparent conductor for de-icing windows. Holland (1958) used these bismuth oxide/gold stacks as heat reflective mir-ror. One of the first industrial applications of transparent conductive oxide was the use of tin or indium oxide on low-pressure sodium discharge lamps to reduce the heat losses (van 
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Boort, 1968; Köstlin, 1975). In the architectural glass sector, thin-film coatings started to be used to reduce cooling loads. The development and industrial implementation of low emis-sivity coatings for energy savings windows was boosted by the energy crisis of 1974 (Gläser, 2008). Two types of materials were used for low-emissivity coatings: 1) semicon-ductors with enough free-carrier concentration to be reflective in the infrared range and a wide band gap to be transparent in the visible range and 2) metal/dielectric stacks. Sn-doped In203 (ITO) and Sb-doped SnO2 were investigated (Fraser, 1972; Vossen 1972) and showed very high visible transmission; their reflectivity in the infrared was up to 80-90 %. Silver-based stack were found to have higher infrared reflectivity and therefore lower emis-sivity in this region compared to semiconductor low-e coating (Fan, 1974). Furthermore, silver-based coatings had better color neutrality compared to gold-based films. The color rendering of the reflected light was and still is an important factor for architectural accepta-tion of coated glass (Berning, 1983). Building regulations in Europe fostered the demand for low emissivity coatings on architectural glass (Schaefer, 1997; Kugler, 2015). Nowadays, low-e coatings are commonly deposited by magnetron sputtering. This coating consists of a stack of dielectric and metallic thin films. Generally, there are one to three lay-ers of silver and several layers of non-absorbing dielectrics such as titanium, silicon or tin oxide. The vacuum deposition allows for precise control of the thickness and homogeneity of the coatings. However, these sputtered coatings, also called soft coatings, are easily scratched and must be physically protected (Arbab, 1997): they are used towards the air gap in a multiple glazing unit. Another method to deposit low-e coatings is spray pyrolysis of F-doped SnO2. It can be installed directly on the production line, the precursors being applied by chemical vapour deposition directly on the hot glass leaving the float line (Auk-karavittayapun, 2006). These pyrolytic coatings, also called hard coatings, are more re-sistant and the glass can be handled as a regular single glazing. Their solar transmittance and infrared emissivity are higher compared to silver-based coatings. Since having high reflectivity in the infrared generally imply electrical conductivity, the ma-terials used as transparent heat mirrors can also be used as transparent conductors. ITO is not used anymore for low-e coatings due to the high price of indium (Ellmer, 2012); howev-er, it is still one of the best transparent conductive oxide available today (Ginley, 2010).  1.2.2 Transparent electrodes Transparent electrodes are required in various fields of application such as flat-panel dis-plays, optoelectronic devices, resistive heating for de-icing, photovoltaics or electrochromic devices (Katayama, 1999; Granqvist, 2007). To exhibit a high electrical conductivity σ (in 
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S/cm), a material must have a high carrier concentration n (electrons) or p (holes) (in cm-3) and/or a sufficiently high carrier mobility μn,p (in cm2·V-1·s-1)(Seeger, 1991), eq.(3).   σ = enμ௡,௣  (3) where e is the elementary charge in Coulomb (C).  Due to their small effective mass, electrons are considerably more mobile than ions (and also holes), which imply good electrical conductors use electrons as charge carriers (Ellmer, 2012). From eq. (3) both carrier concentration n and mobility μ could in principle be in-creased to maximize the electrical conductivity σ. However, the absorption of light by free carriers (electrons) limits the carrier concentration in transparent electrodes. In the electri-cal field of a light wave, the electron cloud forms a collective plasma excitation (a 'plasmon') (Pankove, 1971). The plasma frequency ωp (in rad·s-1) is given by the classical Drude theory as eq. (4). 
  ω௣ୀ ට ௡௘మ௠∗ఌೝఌబ  (4) where m* is the effective mass of the carriers (usually stated in units of the rest mass of an electron, me (9.11⋅10−31 kg)) and ɛrɛ0 is the permittivity of the material (in F⋅m−1).  The wavelength of the plasmon and its energy are given by λP = 2πħ/ωp and EP = cωp, re-spectively, where c is the speed of light (in m/s) and ℏ the reduced Planck constant (in eV⋅s⋅rad-1) (Ellmer, 2012).  Therefore, the optimization of transparent electrodes should aim to increase the carrier mobility and limit the carrier concentration: the latter is driven by the desired spectral re-gion of transparency. Figure 1:7 a) displays the spectral sensitivity of the human eye for a white illuminant and the solar irradiance from the sun (under AM1.5 conditions). The re-gion of transparency for transparent electrodes will depend on the usage; for display appli-cations, high transmittance in the visible range (400-800 nm) is enough while for photovol-taics or electrochromic electrodes, a high transmittance in the solar range (350-2500 nm) would be preferable.  Various technologies of transparent electrodes exist; Figure 1:7 b) shows the spectral transmittance of some of them, namely: tin-doped indium oxide (ITO), fluorine-doped tin oxide (FTO), single-walled carbon nanotube (SWNT) films, Ag nanowire (Ag NW), alumi-num doped zinc oxide (AZO) and a low-e coating SnO2/Ag/SnO2. Three of these films are single layers oxides: ITO, FTO and AZO, their transmittance decrease around 1200 nm be-cause of the free carrier absorption. The oscillations are due to optical interferences at the substrate/coating interfaces. The spectral transmittance of the Ag nanowires is relatively 
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flat while the SnO2/Ag/SnO2 low-e stack has a narrow range with high transmittance. The sheet resistivity and transmittance at 550 nm for the transparent electrodes displayed in Figure 1:7 b) are indicated in Table 1:1. 

  
Figure 1:7   a) sensitivity function of the human eye (green) and spectral solar irradiance under the AM1.5 condi-

tions (red). b) Spectral transmittance of different transparent electrodes. Reproduced from (Ellmer, 2012). 

  Rs / Ω.sq−1 τ(550) % 
Low-e SnO2/Ag/SnO2 7 89.5 
ITO Sn doped In2O3 12 82.7 
FTO F doped SnO2 10 82.7 
Ag NW Ag nanowires 23 79.6 
AZO Al doped ZnO 50 79.6 
SWNT single-walled carbon nanotube 56 69.4 

Table 1:1 Sheet resistivities, Rs, and transmittance, τ, at 550 nm of transparent electrodes in Figure 1:7 b). Adapted 
from (Ellmer, 2012).   For one type of transparent electrode, the transmittance and sheet resistivity can vary; for example, in ITO, the oxygen level can be varied and for metal meshes the thickness can be increased. The carrier concentration will reduce the sheet resistivity at the expense of the transmittance in the visible range. Figure 1:8 b) shows the transmittance of several trans-parent electrodes against their sheet resistivity. The dashed rectangle indicates the target region of optimal transmittance and sheet resistivity for transparent electrodes. The transmittance was most often taken at 550 nm; however, this does not provide indica-tion on the width of the transparent region. A better approach would be to use the light and solar transmittance values (see Chapter 3) which are taking into account the full visible range and solar range respectively. 
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Figure 1:8   Transmittance T in the visible range as a function of the sheet resistance Rs for transparent conductor 

films. The dotted rectangle marks the T–Rs target region for transparent electrodes. Reproduced from (Ellmer, 
2012). Transparent conductors are a wide area of research fostered by the cost and scarcity of in-dium. New alternatives such as graphene or nanowires still require attention for industrial implementation. One side effects of the presence of conductive layers on glass however is that the transmis-sion of the microwaves frequencies used for telecommunications is strongly attenuated. Mobile network reception problems in modern buildings start to arise as metallic frame and reinforced concrete walls also attenuate the frequencies useful for telecommunications (Liikenne-ja, 2013; Asp, 2012; Philippakis, 2004).  
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1.3 Frequency selective surfaces The previous section has shown it was possible to achieve visible/infrared selectivity by applying a coating on the glass. Another selectivity step is explored here -infrared/microwave- in order to preserve the thermal properties of metallic surfaces while allowing transmission of the microwaves used for telecommunications.  Frequency Selective Surfaces (FSS) are periodic arrays of elements designed to transmit, reflect or absorb selected electromagnetic fields based on their frequency (Munk, 2000). Typical elements are illustrated in Figure 1:9, they are usually made of a metallic material or cut into a metal sheet. Examples of applications for FSS include the perforated screen on the door of a microwave oven, radomes protecting antennas and selective shielding in mili-tary and airport communication. 

  
Figure 1:9   Typical elements used in two-dimensional periodic arrays to obtain a frequency selective surface. Re-

produced from (Munk, 2000). Energy saving windows embeds a metallic layer (the low-e coating) and thus strongly at-tenuates the transmission of microwaves. Table 1:2 gives the shielding efficiency, or attenu-ation, of common glazing types for three frequencies of interest for the mobile telecommu-nications: 900 MHz, 1800 MHz and 3 GHz. These results are extracted from the extensive study performed by the National Institute of Standards and Technology (NIST) (Stone, 1997), a study by Asp et al. (2012) and a study from this work (Bouvard, 2017a). 
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Material 
 

Source 
Shielding effect / dB 

900 MHz 1800 MHz 3 GHz
Gl

az
in

g 
Glass pane 6 mm (Stone, 1997) -0.8 -1.3 -1.9 
Double glazing 
4 mm/air 12 mm/5mm 

(Bouvard, 2017a) -0.8 -1.1 -1.2 

Double glazing with commercial low-e
4 mm coated/air 12 mm/5mm 

(Bouvard, 2017a) -30.6 -26.8 -27 

Double glazing with 2 coated glass (Asp, 2012) -23 -30 -36 
 

Table 1:2 Comparison of the attenuation of some glazing used in buildings. Adapted from (Bouvard, 2017b). Widenberg et al. (2002) first proposed a design to improve transmission through the ener-gy saving window pane at defined frequencies (900 MHz and 1600 Mhz). The desired effect was reached by removing narrow slits in a periodic pattern. A patterned conductive coating can be described as a Frequency selective Surface (FSS) (Munk, 2003). Kiani et al. (2009, 2010, 2011) have investigated different patterns and configurations by computer simula-tions and through experiments. Figure 1:10 a) shows the measurement setup and a glass sample with a FSS. The patterned was performed by milling as depicted in Figure 1:10 b). This 64 mm cross-dipole is highly visible and modifies the aesthetic of the glass. Milling does not remove only the coating but also cut into the glass (Kiani, 2009). This might have an impact on the mechanical properties of the glass. To be accepted in the glazing industry, a FSS glazing should preserve the visual appearance and mechanical properties of the glass pane. 

a)  b)  
Figure 1:10   a) Measurement setup showing a cross-dipole FSS etched on a glass sample, b) milling machine used 

to etch the coating. Reproduced from (Kiani, 2009). Measurements and simulations demonstrated an improvement of the transmission at the desired frequency (Kiani, 2009, 2011). As illustrated in Figure 1:11, the cross-dipole pattern depicted in Figure 1:10 increase the transmission from -27.1 dB to -9.1 dB at normal inci-dence in TE polarization. It has a width of 8 mm and a length of 64 mm which represent 9.6% of ablated area. Uncoated glass panes have an attenuation of about 1 dB (Stone, 1997) and for a FSS glazing it would be desirable to have the smallest attenuation possible.  
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Figure 1:11   a) Measured transmission results of HP Suncool with 2 x 2 cross-dipole etched in the low-e coating by 

milling. Reproduced from (Kiani, 2009). The size and shape of the pattern drives its resonance frequency. Another design presented by Ullah et al., which attenuates less than 10 dB, required the ablation of 12.35 % of the coating area (Ullah, 2011a,b). The effect on infrared reflectance and therefore on the ther-mal emissivity is approximately proportional to the surface of coating removed (Kiani, 2010), which should be minimized.  
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1.4 Switchable glazing Low emissivity coatings are now widely used in insulated glazing unit, reducing the thermal losses of windows. Solar protection coatings, specifically designed to reduce the solar heat loads are also used in highly glazed buildings. However, these passive coatings might cut considerable amount of solar gains during the heating season while not providing sufficient reduction during sunny and warm days. To maintain comfortable temperature inside the building, additional blinds or stronger air conditioning are used.  Adaptive facades are able to adapt changing climatic conditions to meet requirements of the occupants’ comfort and energy efficiency; they can encompass automated blind, mobile or smart façade elements or switchable glazing. One approach is to take advantage of the sun altitude depending on the season to redirect the light inside in winter and reject it outside in summer (Kostro, 2015). Another approach is to react to an external stimuli such as UV light for photo-chromic or temperature for thermo-chromic materials (Lampert, 2004). Switchable glazing activated with electricity can be used to complement a building monitoring system in order to actively regulate the indoor temperature and lighting conditions. Technologies of switchable glazing activated by an electrical current includes suspended particle devices (SPDs), polymer dispersed liquid crystal (PDLC), cholesteric liquid crystals (CLC) and electrochromic glazing (Lampert, 2004; Lemarchand, 2018). Technologies based on liquid crystals or suspended particles usually require a voltage to maintain one state (clear or dark) while electrochromic window have an open circuit memory. A current is needed mainly to change state and then only to com-pensate for self-discharge. 1.4.1 Electrochromic glazing Electrochromic glazing is able to modulate their optical properties when an electrical po-tential is applied. Using a control system based, for example, on the indoor temperature, the transmittance of the window can vary to reduce overheating risks leading to energy savings in cooling and an increased thermal comfort. Furthermore, the solar gain is higher in winter for an electrochromic window compared to a glazing with a solar protection coating; addi-tionally, visual comfort can be improved. The advantages compared to blinds are that the view to the exterior is preserved, the switching is silent and less maintenance is needed.  An electrochromic device is generally composed of five layers as depicted in Figure 1:12. A transparent conductive oxide serves as electrode, a cathodic electrochromic oxide acts as the color changing layer, and an electrolyte either liquid, gel or solid, is permeable for the conduction of ions but electrically insulating. A counter electrochromic layer, either not 
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changing color upon ion insertion or changing complementary to the cathodic electro-chromic layer, and another transparent conductive oxide are completing the device. 

 
Figure 1:12   Typical five-layer electrochromic device design in bleached and colored state. Commercial electrochromic glazing is starting to enter the market. The main products are from the following companies: SAGE glass (USA) from the Saint-Gobain group, View Dynam-ic glass (USA), EControl (Germany) and Halioglass/Kinestral Technologies (USA). However, the price of today’s electrochromic windows limits their application to prestigious and icon-ic building. Furthermore, existing products still suffer several drawbacks in terms of switch-ing time and contrast, durability or color rendering (Granqvist 2014, Jelle 2012). 1.4.2 Transparent conductors  An essential component of any electrochromic device is the transparent conductor. It should be transparent in a wide range of the solar spectrum while sufficiently conductive to ensure a homogeneous color change. Transparent electrodes were discussed in section 1.2.2. Tin-doped indium oxide (ITO) is still the most common transparent conductive oxide in the industry and was used for the experiments on electrochromic materials of this thesis. 1.4.3 Electrochromic materials Electrochromism is the alteration of color by passing a current or applying an electrical po-tential; various kinds of materials, called electrochromic materials, exhibit such properties. Frequently, electrochromes are electroactive species which can undergo an electron uptake (reduction) or an electron release (oxidation). For these redox reactions to be possible, a counter electrode with a complementary reaction is needed. The most widely used electro-chromic material is the organic 5,10-dimethyl-5,10-dihydrophenazine used in auto-dimming rear view mirrors developed by the Gentex Corporation (Byker, 2015). Three types of electrochromes can be described (Monk, 2007 p.7-8). A “type-I” electro-chrome is soluble and remains in solution during electrochromic usage. Aqueous methyl 
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viologen (1,1’-dimethyl-4,4’-bipyridilium) is one of those. A “type-II” electrochrome is solu-ble in its colorless form but becomes solid on the surface of electrode after the electron transfer. Examples include the cyanophenyl paraquat and heptyl or benzyl viologens. “Type-III” electrochromes stay solid during the reaction. This category includes most of the inorganic electrochromes such as transition-metal oxides.  There are two principle kinds of metal-oxide electrochromes: the one coloring under ion insertion called cathodic and the one coloring under ion extraction, called anodic. Figure 1:13 shows the transition metals whose oxides have well-documented cathodic and anodic electrochromism. Oxides based on vanadium may present anodic or cathodic electrochrom-ism (Granqvist, 1995). 

 
Figure 1:13   The periodic table of elements excepting the lanthanides and actinides. The shaded boxes refer to the 

transition metals whose oxides have well-documented cathodic (light shade) and anodic (dark shade) electro-
chromism. Reproduced from (Granqvist, 1995). Tungsten trioxide is one of the most widely studied electrochromic (EC) oxide. It can un-dergo a reversible transition from WO3 to MxWO3 tungsten bronzes which display a dark blue color (M can be any atom of the first column of the periodic table: H, Li, Na…) as shown in eq. (5) (Granqvist, 2002).  

   ܹܱଷ + ି݁ݔ+ାܯݔ ௫ܹܱଷܯ →                          transparent                           dark blue  (5) To improve the coloration efficiency, the optically active oxide layer can be modified by doping or substituted by a combination of novel electrochromic oxide materials such as tungsten-containing nickel oxide films (Green, 2014) or nickel containing tungsten films (Valyukh, 2012). Titanium doping was shown to exhibit enhanced durability (Hashimoto, 1991) and to stabilize the highly disorder structure of WO3 (Ramana, 2013). Mixed oxides of W-D films with DW being Li, C, N, V, Ni, Nb, Mo, Ru, Sn and Ta have also been studied. Mo-lybdenum oxide has similarities with tungsten oxide. The electrochromic properties of Mo-D films with DMo being C, Ti, V, Nb and Ce have been investigated (Granqvist, 2015). Work 
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was also reported on Ti-V and Ti-Zr oxides as well as on Nb-Mo and Nb-Ti oxides (Granqvist, 2015; Ulrich, 2016).  Regarding anodic electrochromic oxides, iridium and nickel were mostly investigated; how-ever, the cost of iridium is too high for most applications (Granqvist, 2014). Mixed binary oxides of Ni-DNi with DNi being Li, C, N, F, Al, Ti, V, Mn, Co, Cu and W were studied. One of the reasons to mix Ni oxides with other metals is to improve the visible transmittance in the short wavelengths (Avendeño, 2004), pure nickel oxide being yellowish in the bleached state. Vanadium pentoxide may also be used as an anodic electrochromic layer.  1.4.3.1 Crystalline structures in WO3 The tungsten trioxide, as many other electrochromic oxides, is commonly arranged in octa-hedral units. This configuration features spaces between the octahedral units which are large enough to allow the movement of small ions. Figure 1:14 shows possible crystalline structure for WO3; the dots represent sites where ions can be inserted. It can be observed that the smallest sites are in the cubic structure, then tetragonal structure have an interme-diate size, the largest sites being in the hexagonal structure (Granqvist, 1995; Granqvist, 2015). When WO3 is described as amorphous, it is usually amorphous as seen in X-ray dif-fraction. Order at smaller dimensions can be present even if the material is not detected as crystalline; nanoporosity and low film density are also beneficial for ion transport (Sun, 2010). The influence of deposition parameters on the nanoporosity will be described in Sec-tion 1.4.6. 

 
Figure 1:14   W oxide with a) cubic , b) tetragonal and c) hexagonal structure. Dots signify sites for ion insertion in 
space between the WO6 octahedra. Dashed lines show extents of the unit cell. Adapted from (Granqvist, 1995). 1.4.3.2 Optical absorption in WO3-x and LiyWO3 The mechanism responsible for optical absorption of electrochromic oxides is still poorly understood, except maybe for tungsten oxides. It is generally believed to be associated with charge transfer and polaron absorption (Granqvist, 2014). A polaron is a quasi-particle formed by a conduction electron (or hole) with its self-induced polarization in a polar semi-
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conductor or in an ionic crystal (Devreese, 1996). The concept of polarons was first pro-posed by Landau (1933) to describe an electron moving in a dielectric crystal, where the atoms move from their equilibrium states and screen the charge of an electron, known as a phonon cloud.  Although defects are present, it is assumed that the main contribution to the optical absorp-tion is due to the transitions between band states (Berggren, 2007). The intercalation of ions in tungsten oxide causes the charge-compensating electrons to enter localized states. The optical absorption can be described as resulting from transitions between occupied and empty localized conduction band states. The electron localization may be caused by the electron-phonon interaction (polaronic localization) (Schirmer, 1977) as well as disorder (Elliott, 1990). Intervalence transfer absorption and small polaron absorption have been proposed to explain the optical absorption due to localized states (Granqvist, 2015).  Recently, Bondarenko et al. (2015) investigated the formation and mobility of polarons in tungsten oxide in the presence of oxygen vacancies as well as in the presence of intercalated Li. Figure 1:15 shows the structure of the monoclinic γ−WO3 phase without defect (a), with an oxygen vacancy (b) and with two intercalated Li atoms (c). It illustrates the configuration where two bound polarons (also called bipolarons) at neighboring sites, W5+ W5+, can form. 

 
Figure 1:15   The structure of monoclinic γ−WO3 phase a) without defect, b) with an oxygen vacancy, and c) with 
two Li atoms. Charge distributions are shown for the polaronic W5+ states. Reproduced from (Bondarenko, 2015). 
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They calculated the energy barriers for polaron propagation and studied the relative stabil-ity of polarons and bipolarons using a method based on Density Functional Theory (DFT). Their results suggest W5+ W5+ bipolarons situated along the [001] plane are the most favor-able electronic configuration both in the presence of oxygen vacancy or intercalated Li ions. However, in the case of Li intercalation, the energy difference with the case where two sep-arated W5+ polarons form is very small.  Their results also suggest that the presence of W4+ states is unlikely in perfect Li-WO3 without the presence of structural defects such as va-cancies (Bondarenko, 2015). The polaron absorption is generally the accepted mechanism for optical absorption in crys-talline WO3-x and LiyWO3. However, it is still debated if this hypothesis can be fully applied to amorphous and highly disordered WO3. A cluster model based on quantum chemical cal-culations was proposed to better consider local lattice distortions (Broclawik, 2005; Broclawik, 2006). 1.4.3.3 Electronic structure in WO3 Crystalline structures of the electrochromic oxides, such as WO3, can be described by MeO6 octahedra (where Me denotes metal) with edge-sharing (Granqvist, 1995). In this configu-ration, the metal d levels are separated from the oxygen 2p bands. The octahedral structure leads to a splitting of these d levels into bands usually named eg and t2g; Figure 1:16 a) de-picts the case of a cathodic EC oxide such as HxWO3. Pure WO3 O 2p band is full, while d band is empty which makes it transparent. Any similar oxide with a sufficiently large band gap would also be transparent. The insertion of ions and charge balancing electrons would partially fill the d band leading to optical absorption.  

a)                   b)  
Figure 1:16   Schematic band structures for a) cathodic and b) anodic electrochromic oxides. Shaded regions signify 

filled states and E denotes energy. Reproduced from (Granqvist, 1995). 
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1.4.3.4 Electronic structure in anodic electrochromic oxides For EC devices, it is beneficial to combine an anodic oxide to a cathodic one to achieve bet-ter color neutrality and amplitude of modulation. Figure 1:16 b) depict the schematic band structure of an anodic EC oxide, such as HxNiO2; anodic EC oxides are characterized by un-occupied t2g states. The insertion of ions would fill these states leading to a band gap be-tween the t2g and eg levels. The transparency of the material will depend on the width of the band gap.  1.4.4 Electrolytes Pure ionic conductors, or electrolytes, are needed to separate the two electrochromic lay-ers. Figure 1:17 shows the thermal evolution of ionic conductivity of available lithium solid electrolytes, organic liquid electrolytes, polymer electrolytes, ionic liquids and gel electro-lytes for lithium ion batteries.  For example, the gel electrolyte 1 M LiPF6/EC–PC (50:50 vol.%) + polyvinylidene difluoride–hexafluoropropylene (10 wt.%) which is used in lithium-ion batteries has an ionic conductivity of 10−3 S cm−1 at room temperature (Song, 2000; Ka-maya, 2011).  

 
Figure 1:17   Arrhenius plot of available lithium solid electrolytes, organic liquid electrolytes, polymer electrolytes, 

ionic liquids, and gel electrolytes. Reproduced from (Kamaya, 2011). 
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The ionic conductivity of lithium phosphate oxynitride (LiPON) at room temperature is lower, in the order of 10−5 S.cm−1 but it displays an excellent visible transmittance. Another promising solid electrolyte is (Li3xLa2/3-x)TiO3 (LLTO). It can show Li-ion conductivity as high as 10−3 S cm−1 at room temperature in single crystals. However, grain boundary re-sistances often cause a decrease of the ionic conductivity to 10−5 S cm−1 in sintered LLTO ceramics (Ishikawa, 2018). For solid state lithium batteries, other electrolytes such as Li10GeP2S12 are being developed and aim to compete with liquid electrolytes in terms of ion-ic conductivity. Experiments on electrochromic materials are often performed using liquid electrolytes: they can be protonic (e.g. KOH) or containing lithium salts (e.g. LiClO4 in pro-pylene carbonate often noted Li-PC). Liquid electrolytes usually have better ionic conductiv-ity than the solid ones; however, their practical use is limited. A window has to endure at the very minimum 20 years and liquid or even gel electrolytes are difficult to maintain in a device for a long time. Figure 1:18 shows an early prototype of electrochromic glazing in-stalled on the LESO experimental building at EPFL. After a few years, the gel electrolyte started to degas creating visible marks on the sides of the glazing. 

 
Figure 1:18   Photograph of an early prototype of electrochromic window using gel electrolyte. This window was 

installed on the LESO experimental building at EPFL and needed to be replaced after few years of operation. (Pho-
tography by A. Schüler) Solid state electrolytes are attracting increasing interest for electrochemical energy storage technologies (Manthiram, 2017). Polymeric electrolytes are starting to be used in solid-state batteries (Agrawal, 2008) and can also be used in electrochromic devices (Nguyen, 2011). However, the long-term stability of the EC windows is expected to be improved by replacing polymeric electrolytes by inorganic ion conductors (Knauth, 2009). Novel solid-state electrolyte materials with a sufficiently enhanced ionic conductivity can be developed to reduce the switching times of the EC layers (Kamaya, 2011). The requirement for a solid electrolyte is not only a sound ionic conductivity but also a low electronic conductivity. 
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Table 1:3 shows a selection of inorganic lithium ion conductors used for all solid state bat-teries. Since electrochromic devices work in a similar manner than all solid state thin film batteries, one can benefit from the expertise and experience from this field.  
Short name Type Typical composition RT ionic conductivity 

S∙cm-1 
Activation energy  

eV 

Thio-LISICON Crystalline Li3.4Si0.4P0.6S4 6.4 × 10− 4 0.5–0.6 

LiPON Amorphous Li2.88PO3.73N0.14 3.3 × 10− 6 0.45–0.55 

Garnet Crystalline Li6La2BaTa2O12 4 × 10− 5 0.4–0.6 

Li ion conductor-
mesoporous oxide 

Composite LiI–Al2O3 2.6 × 10− 4 0.4–0.5 

NASICON Crystalline Li1.3Al0.3Ti1.7(PO4)3 3 × 10− 3 0.3–0.5 

LISICON Crystalline Li14ZnGe4O16 10− 6 0.4–0.6 

LLTO Crystalline Li3xLa(2/3) – x□(1/3) – 2xTiO3 10− 3 0.3–0.4 

Sulfide glass Amorphous GeS2 + Li2S + LiI + Ga2S3 and La2S3 10− 3 0.4–0.5 

Table 1:3 Summary of inorganic solid Li ion conductor glasses. Reproduced from (Knauth, 2009).   The lithium lanthanum titanates such as LLTO (Li3xLa2/3 − xTiO3) has also attracted much attention because of its high ionic conductivity (Bohnke, 2008) which is comparable to pol-ymer electrolytes. However, high temperature is necessary to obtain the perovskite crystal-line structure. Lithium phosphate oxy-nitride (LIPON) is interesting for electrochromic de-vices because of its transparency in the solar range (Su, 2016). In addition, it is an amor-phous material and can be deposited at low temperature via sputtering. Kovalenko et al. (2014) have deposited LIPON by RF magnetron sputtering and studied the effects of deposi-tion parameters on the microstructure. Recently, Dong et al. (2018) showed that tantalum pentoxide (Ta2O5) can operate as a Li+ ion conductor in an all-solid-state device. Using a metal oxide electrolyte is advantageous because of the low cost and higher deposition rate of metal targets compared to lithium containing targets.  1.4.4.1 Ion conductivity in ceramic electrolyte In most ionic conductors, the density of mobile ions is substantial and the effect of the ion-ion interactions on the ion dynamics is non-negligible. Disorder and randomness in glassy ionic conductors also complicate the dynamics (Habasaki, 2016). Brownian diffusion does not apply to most ionic conductors of interest and a theory describing the many-ion motion in statistical mechanics is not yet available. Different pathways exist for the ions to diffuse in a crystal. In the vacancy mechanism, ions jump to unoccupied lattice sites; in the intersti-tial mechanism, ions move from and to a neighboring interstitial site. Usually, this requires a large distortion of the lattice (Habasaki, 2016). Other mechanisms have been proposed 
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where the diffusion coefficient is proportional to the concentration of ions. In polycrystal-line materials, other pathways can be found around grain boundaries or dislocations. Amorphous or glassy materials are usually highly disordered and a wide range of energy barriers may exist.   Regardless of the mechanism involved in the diffusion of ions in the material, the mobile ions have to overcome a potential (or energy) barrier to jump from site to site in the struc-ture (Habasaki, 2016). Therefore the diffusion will be thermally activated and the energy barrier represents the activation energy for ion hopping.  Ionic conductivity can thus be described by an Arrhenius equation as (6) (Arrhenius, 1889). 
σ௜ = ఙబ் exp ቀିாೌ௞ಳ்ቁ                   (6) where σi is the average ionic conductivity (in S.cm-1), σ0 a pre-exponential factor, T the tem-perature (in K), kB the Boltzmann constant in (eV.K-1) and Ea activation energy (in eV).  The most common method to determine σi and Ea experimentally is to perform electro-chemical impedance spectroscopy, described in Chapter 3, at various temperatures.  Time-domain nuclear magnetic resonance (NMR) in combination with computational chem-istry allow for the characterization of elementary steps of ion hopping and gain a better un-derstanding of ions diffusion pathway through the crystal lattice (Uitz, 2017). 1.4.4.2 Ion transport in a crystalline LiPON Examples of calculations of energy of migration of lithium ions in solid ions conductors can be found in the scientific literature: Senevirathne et al. (2013), for example, synthetized and studied a crystalline lithium phosphate oxy-nitride compound (Li2PO2N). A computational first-principle study by Du and Holzwarth (2010) predicted this stoichiometry to be stable. Its crystal structure has been determined ab initio from powder X-ray diffraction data. Sen-evirathne et al. (2013) computationally studied vacancies and interstitial Li+ defects and their migration energies. On the basis of Nudged Elastic Band calculations they could esti-mate the activation energy of migration for vacancy to be 0.4 ≤ Em ≤ 0.6 eV for hops to near neighbor vacancy sites and to be 0.8 ≤ Em ≤ 0.9 eV for migration between neighboring inter-stitial sites. The crystal structure using view of crystal along the chains' direction along with the vacancy and interstitial migration path are depicted in Figure 1:19 a) and c).  The migra-tion energy diagram for vacancy are depicted in Figure 1:19 b) and for interstitial in Figure 1:19 d). In this study, the vacancy migration path was energetically more favorable compare to the interstitial one.  
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Figure 1:19   Ball and stick diagram using view of crystal along the chains direction of a) possible Li ion vacancy mi-
gration path in Li2PO2N and c) possible Li ion interstitial migration path in Li2PO2N. Migration energy diagram ob-

tained from the Nudged Elastic Band method for b) the vacancy mechanism and d) the interstitial mechanism. Re-
produced from (Senevirathne, 2013) 1.4.5 All-solid-state devices There are various ways to build an electrochromic device: the layers can be organic or inor-ganic, the electrolyte can be a liquid, a gel, a solid polymer or a ceramic. Figure 1:20 illus-trates two different set-up, one polymer-based on a flexible substrate (a) and one based on solid inorganic materials deposited on glass (b).  

a)            b)  
Figure 1:20   a) Principle construction of a foil-based EC device. The tiny arrows indicate ion movement when a 
voltage is applied between the transparent electrical conductors. The entire foil can be used to laminate glass 

panes. Reproduced from (Pehlivan, 2014). b) Principle construction of a monolithic EC device on glass substrate.  As seen in section 1.4.4, solid state electrochromic devices are preferable in terms of dura-bility. The monolithic design can be fabricated entirely by magnetron sputtering using ade-
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quate targets. This method requires expensive equipment but is already wide-spread in the glass industry (Gläser, 2008); it allows for the use of inorganic materials for each layer in-cluding the electrolyte.  Some examples of all solid state inorganic devices can be found in the scientific literature. Oukassi et al. (2016) presented results of an electrochromic device using LiPON as an elec-trolyte. The electrochromic layers were made of WO3 and V2O5 and the contacts made of ITO and AZO/Ag/AZO stacks. They observed that LiPON deposition by sputtering was in-serting some Li+ in the electrochromic oxide. Dong et al. (2018) fabricated a full inorganic device: ITO/NiO:(Li, Mg)/Ta2O5/WO3/ITO and succeeded to improve the transmittance in the short wavelength and to avoid the need of a further lithiation step.   The deposition of all solid state devices leads to the question of the interfaces between the thin films. Heterogeneous interfaces are formed between the electrodes and the electrolyte with large charge transfer resistances and may contribute significantly to the resistance of a battery-like device (Song, 2011). The interface between two electronic or ionic conductors typically presents an electric contact potential owing to the equilibration of the electro-chemical potential of the mobile charge carrier species at the interfaces (Sze, 1981; Maier, 2004; Weppner, 1999). The alignment of energy levels at the interface will depend on the position of the chemical potential, the initial positions of the energy levels within the two materials and on the formation of an interfacial dipole layer. The alignment of energy levels and the shape of inner electric potential gradient influence the rate of charge transfer at the interface because discontinuities and band bending constitute barriers for charge carriers (Song, 2011).  

 
Figure 1:21   Complete energy band diagram of the LiCoO2/LiPON/Li battery stack. Reproduced from (Schwöbel, 

2016). Semiconductor/metal or semiconductor/semiconductor interfaces have been widely stud-ied compared to semiconductor/solid electrolyte interfaces. These interfaces are complex since the chemical potential of the lithium atoms vary during the intercalation process (Laubach, 2009). Schwöbel et al. (2016) studied the energy level alignment of a 
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LiCoO2/LiPON and LiPON/Li interfaces. They could reconstruct the energy band diagram of a LiCoO2/LiPON/Li cell as illustrated in Figure 1:21 using photoelectron spectroscopy and band gap values from the scientific literature. 1.4.6 Deposition methods 1.4.6.1 Thin film deposition Electrochromic metals oxides can be deposited using a vast number of methods, including chemical and physical vapor deposition and chemical or electrochemical methods; a survey of thin film deposition methods can be found in abundant references such as (Granqvist, 2012) or (Gläser, 2000). As discussed in section 1.2.1, the two methods currently wide-spread in the glass industry are spray pyrolysis and magnetron sputtering. Spray pyrolysis has to be performed while the glass is still hot, which make it tedious to deposit the three to five layers needed for an electrochromic device. Magnetron sputtering, despite the fact it needs vacuum and therefore expensive equipment, allows for precise control of deposition parameters and reproducibility and is therefore suitable for industrial implementation.   The electrochromic properties of thin films deposited by magnetron sputtering can be ex-tremely various depending on the deposition parameters (Sorar, 2013). Many primary pa-rameters affect the film growth such as target current, voltage, power, substrate distance from target, substrate temperature, working pressure or pulse duration (if pulsed). Struc-ture zone diagrams were proposed to illustrate the common features of films deposited by magnetron sputtering as a function of the deposition parameters. The pressure during sput-tering provides an indication on the kinetic energy of the particle colliding on the substrate. At low pressure, the mean free path of atoms ejected from the target is longer as the chanc-es of collisions with another atom are lower. The energy of sputtered atoms is typically in the range of several eV of kinetic energy, which can promote adsorbed atom rearrangement on the surface (Anders, 2010). At high pressure, atoms undergo more collisions with pro-cess or reactive gas atoms and have a lower kinetic energy when they reach the substrate.  The Thornton diagram (Thornton, 1974) shows that the film structure is determined main-ly by homologous temperature and pressure during deposition. The homologous tempera-ture is defined as the ratio of the film growth temperature on the melting temperature of the material deposited (both temperatures being in Kelvin) (Movchan, 1969). More recent-ly, Anders (2010) proposed an extended zone diagram, illustrated on Figure 1:22, including plasma and ion effects on film growth. 
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Figure 1:22   Structure zone diagram applicable to energetic deposition. The boundaries between zones are gradual 
and for illustration only. The numbers on the axes are for orientation only — the actual values depend on the mate-
rial and many other conditions and therefore the reader should avoid reading specific values or predictions. Repro-

duced from (Anders, 2010) The axes of the structure zone diagram proposed by Anders (2010) are: 
 The generalized temperature T* includes the homologous temperature and a tem-perature increase due to the potential energy of the particle arriving on the surface and can be described by eq. (7).       T∗ = ୘்೘ + ଵ௞  ∑ ൬ ா೛೚೟,ഀ ௃ഀே೘೚ೡ೐೏,ഀ൰ఈ  ∑ ఈఈൗܬ           (7) where the α subscript represent one of the species arriving, T and Tm are both in Kelvin, k is the Boltzmann constant, Epot is the potential energy in eV, Nmoved is the number of atoms re-arranged and Jα is the energetic ion flux. 
 The normalized energy E* is represented on a logarithmic axis and describes dis-placement and heating effect due to the kinetic energy of the bombarding particles and can be described by eq. (8). E∗ =  ∑ ቀாೖ೔೙,ഀ ா೎ ௠௠ഀೞ ఈቁఈܬ  ∑ ఈఈൗܬ                                   (8) where the α subscript represent one of the species arriving, Ekin is the kinetic energy and Ec is a characteristic energy of the material (e. g. the cohesive energy) both in eV, mα/ms is the mass ratio of arriving ions α and atoms on the surface and Jα is the energetic ion flux.  
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 The net film thickness t* which serve both as a qualitative illustration of the film structure and to indicate the thickness diminution by densification or ion etching. It is usually in nanometers.     From this diagram, we observe that to obtain a porous film, the thermal and kinetic ener-gies should be low (Zone 1). Therefore, high pressure, no substrate bias and low tempera-tures are preferable for deposition of electrochromic thin films.  1.4.6.2 Lithiation The color change in an inorganic electrochromic device is caused by Li+ ions which are in-tercalated in electrochromic oxides: if these oxides are deposited by magnetron sputtering, lithium has to be added to the device. In research papers, lithiation is often performed in liquid medium, mostly using electrochemical methods in an organic electrolyte containing lithium salts. This wet lithiation process does not permit to deposit all the layers under vac-uum in one run, limiting the up-scalability of the method. Furthermore, thorough cleaning has to be performed to ensure no carbon-based material is present in the next steps.  Lithium can be inserted in the electrochromic devices through other means. Lin et al. (2013) obtained Li2.34NiZr0.28Ox films by co-sputtering of Ni−Zr alloy (80−20 at.%) and Li2O. Recently, sputtering of targets alloyed with lithium was proposed by Dong et al (2018). They used Ni and Li:Mg target in co-sputtering to deposit a lithiated Ni:Mg oxide. This method has the advantage to avoid Li-containing ceramic target, which are known for slow deposition rates. However, Li2O and Li:Mg targets are corrosive and highly sensitive to moisture; they have to be handled under dry protective gas. Therefore, it requires the sput-tering machine to be equipped with a glove box with inert atmosphere. The use of a dry lithiation method permits to investigate lithiated compound without the inconveniences of a controlled atmosphere. Previously, Ashrit (1993) suggested the use of LiNbO3 powder to perform dry lithiation. In his publications (Ashrit, 2001; Beydaghyan, 2008), LiNbO3 powder was heat treated in a tungsten boat under vacuum and gave off lithium atoms which could diffuse in the bulk of the electrochromic oxides. Colorations similar to those obtained by wet lithiation were ob-tained.  Some industrial applications use vapor of cesium, potassium, sodium, rubidium, and lithi-um. SAES Getters developed and patented alkali metal dispensers capable of producing lith-ium vapors some decades ago (Paolo, 1972). Nowadays, these dispensers are used, among other, in the Organic Light Emitting Diode (OLED) industry. These dispensers should be stored in dry air but can be manipulated in ambient air with for short period of time. Fur-
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thermore, the powder being enclosed in the dispenser, only limited and usual precautions are necessary to work safely with this material. In this work, such lithium dispenser from SAES Getters were used, more details are given in Chapter 3 and 7. 1.4.7 Nanostructured coatings The electrochromic coloration involves charge transfer and intercalation of ions. Therefore, the performance of an electrochromic device is commonly limited by the rate of electron conduction, as well as the ion transport in the electrolyte, the EC materials and at their in-terfaces (Xiong, 2015). The kinetics of charge transfer is therefore an essential aspect of the performance of the electrochromic device. Nanostructured materials have a large specific surface area and limit the charge transport distance in at least one dimension. The nanostructure of electrochromic materials or devices may facilitate ion transport through nanoporosity or even shift the optical band gap of the material to improve the color neutral-ity.  Numerous examples of nanostructured electrochromic materials can be found as recently surveyed in (Xiong, 2015); they mainly encompass organic electrochromes such as nano-patterned polymer layers or Prussian blue nanoparticles. Studies on nanostructured transi-tion metal oxides are less abundant, especially when looking at materials deposited by magneton sputtering. A nanocomposite of Ta2O5:WO3 was fabricated by co-sputtering by Shim et al. (2006). They evaluated the performance in acidic conditions with liquid electrolyte where H+ was the intercalating ion. Proton conduction property was improved and the roughness induced by cycling was reduced. Gillaspie et al. (2010) studied nanocomposites of tungsten doped nick-el oxide with lithium oxide. Their Li1.2NiW0.1Ox film exhibits a slight spectral shift and is sig-nificantly more transparent in the bleached state relative to tungsten-free film. Lin et al. (2013) also studied tungsten-doped nickel oxide. Furthermore, they investigated nanocom-posite of nickel oxide containing Zr and Li. Transparency, especially in the short wave-lengths, was improved compared to tungsten-doped films of the same study.  Furthermore, the stoichiometry could be varied to obtain a better understanding of the electrochromic effect in those nanocomposites.  
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 Thesis structure and Chapter 2hypotheses 
 The topic of glazing can be approached by various disciplines such as architecture, civil engineering or materials sciences. In this doctoral thesis, the possibility to modify the features of glazing using coatings with electronic and optical properties tailored to the ap-plication is investigated. 

 2.1 Thesis statements 2.1.1 Study the interplay of electronic and optical properties The aim of this work is to tailor the properties of coatings in order to adapt them to the re-quired needs. The latter can be modified during their deposition by varying the process pa-rameters such as the total working pressure to change the morphology and the process gas or target materials to adjust the chemical composition. Coatings can also be modified after their manufacturing; it can be by evaporating lithium onto them to adapt their stoichiome-try and by laser ablation to alter their electrical conductivity. Numerous methods can be used in order to investigate how the modification of the deposi-tion process or the post-treatment of the coatings vary their properties. The electronic structure is studied by photoelectron spectroscopy; X-ray photoelectron spectroscopy pro-vides indications on the chemical environment of the atoms by studying the chemical shift of their core-level spectra. UV photoelectron spectroscopy provides information on the va-lence band edge of the material and its work function, which can be related to the electron flow and the optical properties of the device. The electrical properties of semiconductors influence the optical and thermal properties; sheet resistivity is determined using four-point probe measurements. The optical properties are investigated using spectrophotome-try and ellipsometry to determine the solar direct transmittance, the light transmittance, the color coordinates and the refractive indices of materials. Thermal properties, such as emissivity, are determined using Fourier-transform infrared spectroscopy. The switching behavior of the electrochromic material and devices is studied using electrochemical meth-
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ods. Electrochemical impedance spectroscopy and chrono-amperometry associated with spectrophotometry can be used to evaluate the coloration efficiency and the switching time. The morphology and the structure of the films can have an impact on the electrochromic properties and are investigated by X-ray diffraction and scanning electron microscopy. 

 
Figure 2:1   Schematic representation of the interplay between the various properties of a material. Figure 2:1 shows the numerous interrelated properties of materials. The optical spectra of materials can be interpreted in terms of electronic transitions between energy levels, where the width of the bandgap can reveal the color of a semi-conductor (Cohen, 2012). Similarly, the band structure can explain a high electrical conductivity by the presence of delocalized electrons. These electrons are also the origin of the high reflectance of metals in the infrared range leading to a low surface emissivity. The electrochemical properties of ionic conduc-tors are often due to the presence of defects and are constrained by the electronic and crys-tal structure (Nakamura, 2017). In electrochromic metal oxides, intervalence transfer ab-sorption and small polaron absorption have been suggested to explain the optical absorp-tion due to localized states (Granqvist, 2015; Bondarenko, 2015).  
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Therefore, understanding how the properties of a material are altered, when the process parameters are varied, permits to adapt those properties in order to obtain the most ap-propriate coatings for a specific application. 2.1.2 Glazing with double selectivity On one hand, low-e coatings are spectrally selective, because they have high transmittance in the visible and high reflectance in the mid-infrared range. This reflectance in the mid-infrared (IR), responsible for a low IR emissivity and improved thermal performances, also lead to a strong attenuation of the microwaves used for telecommunications. On the other hand, frequency selective surfaces can be designed so that a metallic sheet becomes trans-parent to selected wavelengths. One of the investigations of this thesis is to develop a new coating that would combine both benefits: it would be transparent in the visible range, have a low emissivity and a high transmittance for microwaves. The principle of this new coating is described in Figure 2:2.  

  
Figure 2:2   From left to right: double glazing without low emissivity coating, Double glazing with a low emissivity 

coating (low-e) applied on one glass pane, double glazing with double selectivity. On the left, a first case with an uncoated double glazing is depicted: the average U-value is 2.9 W.m-2.K-1. The window is not well insulated, the inside pane is cold in winter and can generate discomfort. Radiofrequencies waves are almost not attenuated through the win-dows. The second case is a double glazing with a low-e coating applied on one glass pane: the average U-value is 1.6 W.m-2.K-1. The losses by infrared radiation of the glass pane are reduced; the thermal comfort is improved and large energy savings are obtained. However, the metallic coatings strongly attenuate the radiofrequency wavelengths used for commu-nications. Building materials can also attenuate radiofrequency depending on their compo-sition and thickness. The third case displays the desired coating having a low IR emissivity and a high transmittance for microwaves. 
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Figure 2:3   Horizontal and vertical structuration of the coating (not to scale). As described in Chapter 1, the selectivity in the visible/infrared range is usually obtained by depositing a stack of non-absorbing dielectrics and silver layers on the glass surface; be-sides, it is possible to pattern a metallic coating to modify its transmission to microwaves. Therefore, one of the research questions of this thesis is: 

 Is it possible to create a coating having a high transmittance in the visible range, a high reflectance in the infrared range and a high transmittance in the microwave range while preserving the visual aspect? The hypothesis of this work was that the double selectivity could be achieved by combining a horizontal and vertical structuration of the coating, as illustrated in Figure 2:3. Laser abla-tion was chosen to modify the low emissivity coatings by producing very fine ablated lines. The parameters of the pattern are optimized to obtain the lowest attenuation of micro-waves while preserving the thermal and visual properties of the glazing. 2.1.3 Novel materials for electrochromics Electrochromic windows can modulate the solar gain passing through the glazing according to the need of the building. Commercial products are reaching the markets, but some draw-backs still need to be tackled.  Most electrochromic windows produced in Europe contain a gel electrolyte. Gels are organic materials and are difficult to seal in a glazing for the lifetime of a building, as illustrated in Figure 1:18. Inorganic electrolytes offer a more durable alter-native. However, inorganic electrolytes have usually a lower ionic conductivity than liquid or gel counterparts, therefore new materials and methods must be investigated to improve the switching speed of all-solid-state inorganic devices. The effect of nanoporosity is inves-tigated to reproduce the porosity existing in liquid devices. Furthermore, current electro-chromic windows have usually a lower solar transmittance and color neutrality in the bleached state than common low-e coatings. Higher solar transmittance in the bleach state could increase the solar gains in winter, when they are needed. Besides, color neutrality is important for the acceptation of the system by the building occupants. Nanocomposite ma-terials using alloy targets or co-sputtering are envisaged to improve these aspects.  
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a) b)   
Figure 2:4   a) Schematic illustration of an electrochromic device with a liquid electrolyte. Reproduced from 

(Granqvist, 2006). b) Photograph of an early prototype of electrochromic window using gel electrolyte. This window 
was installed on the LESO experimental building at EPFL and needed to be replaced after few years of operation 
(Photography by A. Schüler). In this study, inorganic solid electrolytes are envisaged to overcome this problem. This thesis aims to answer the following research questions: 
 Is it possible to deposit a top transparent conductive electrode without damaging the underlying layers, having low sheet resistivity and high solar transmittance? 
 Is it possible to create nanocomposite layers to improve the color properties and switching dynamics of an electrochromic device ? 
 Is it possible to deposit a LiPON electrolyte with sufficient chemical stability in air by magnetron sputtering? 
 What are the optical properties of LLTO and is it sufficiently transparent for electro-chromic devices? 
 Can a porous metal oxide be a suitable lithium ion conductor in an all-solid state de-vice? 
 Is it possible to lithiate an all-solid state device without using a liquid bath, or mate-rials highly sensitive to humidity, with the sample remaining in vacuum?  
 Is it possible to produce an all-solid-state device entirely in vacuum mainly from me-tallic sputtering targets to facilitate manufacture? Novels materials and methods are investigated in order to develop electrochromic devices with an inorganic and solid electrolyte, with better color neutrality in the bleached state and suitable switching dynamics.  Experiments are performed in order to determine if na-noporosity have a positive impact on the switching dynamics and contrast and to see if dop-ing and nanocomposite layers can improve the optical properties of the film and the ease of 
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manufacturing. Additionally, this should provide a better understanding of the limiting fac-tor in the switching dynamics. Since electrochromic devices have numerous similarities with thin film batteries, electro-lytes which are of special interest in the context of batteries are studied e.g. lithium phos-phate oxy-nitride films (LiPON) and lithium lanthanum titanium oxide (LLTO) compounds. The motivation is to determine if these electrolytes would be suitable for electrochromic glazing. Furthermore, tantalum pentoxide coatings are studied with the aim to understand if a porous metal oxide can be used as a solid electrolyte. In a solid-state electrochromic device, one challenge is to incorporate lithium without the need for a liquid bath or the use of lithium compounds highly sensitive to humidity. Interca-lation of lithium from the evaporation of lithium dispensers is investigated; this would al-low the deposition of the multilayers coating for the preparation of the electrochromic de-vice entirely in vacuum. Furthermore, the ease of manufacture, which has a great impact on the cost of electro-chromic windows, is considered. Deposition of the coatings without substrate heating is easier in large scale coaters and reduces the energy needed to manufature the device. Addi-tionally, the use of metallic targets allows faster deposition rates compared to ceramic tar-get and especially lithium containing ceramic target. Non-magnetic targets are also pre-ferred for a better control of the magnetron sputtering process.   2.2 Stucture of the thesis This thesis explore the field of advanced glazing regarding questions relative to the trans-mission of the microwaves used for telecommunications and to new electrochromic materi-als for the control of solar heat gains. The following structure was adopted: 
 Chapter 1: A state of the art explaining the basic principles of spectrally selective glazing, frequency selective surfaces and switchable glazing is presented. It describes the key materials needed to produce an electrochromic glazing and present the cur-rent challenges. 
 Chapter 2: The hypothesis of the thesis regarding the interplay of the electronic and optical properties are explained and the envisaged approach to improve the trans-mission of microwave through coated glazing and to improve electrochromic mate-rials and devices are presented. 
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 Chapter 3: The experimental methods used for the samples preparation, such as magnetron sputtering deposition and laser ablation, are described. The characteriza-tion and analysis methods used to determine the electromagnetic, optical, electro-chemical and electronic properties of the studied materials are presented for a bet-ter interpretation of the results. 
 Chapter 4: The transmission of low-emissivity coatings to microwaves is studied and a method to improve it is investigated. Results in terms of microwaves attenuation, as well as thermal and optical properties, are presented. The possible applications of this new technology are discussed. Then, in order to produce all-solid-state devices, transparent coatings are studied to serve as a top electrode. Suitable parameters for deposition at room temperature are determined. 
 Chapter 5: The influence of the process parameters on morphology, optical and elec-tronic properties of cathodic and anodic electrochromic oxides is investigated. The determined parameters are used to deposit electrochromic oxides to be assembled in a liquid electrochromic device with the aim to study its switching dynamics and contrast. 
 Chapter 6: Materials that could be used as solid electrolytes, such as lithium phos-phate oxy-nitride films and lithium lanthanum titanium oxide compounds and a po-rous metal oxide, are investigated.  From this study, a solid ion conductor is chosen to produce all-solid-state devices. 
 Chapter 7: A method was developed to introduce lithium in the electrochromic de-vice in vacuum. This method and its impact on the electrochromic coatings are de-scribed and used to produce all-solid-state devices along with the previous results. The switching dynamics and contrast are evaluated along with the color rendering of the transmitted light.  
 Chapter 8: The achievements and challenges of this work will be discussed opening the way to future research.  
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 Experimental methods and Chapter 3numerical analysis 
 This chapter describes the methods used in this work for thin film preparation and to characterization. A wide variety of characterization techniques were employed in order to determine the electromagnetic, optical, thermal, electrochemical, electronic as well as structural properties of the thin films. Numerical methods used to analyse the data and as-sess relevant factors are described. 

 3.1 Sample preparation 3.1.1 Magnetron sputtering In the basic direct current (DC) sputtering process, a voltage is applied between the cath-ode, carrying a target, and the anode, carrying a substrate. A flow of gas, such as argon, is ionized generating glow discharge plasma. The energetic ions impact the target and remove atoms from it which may condense on the substrate. This process also emits secondary electrons which are playing an important role by maintaining the plasma (Rossnagel, 1995).  Magnetron sputtering was developed to improve the basic DC sputtering process. The mag-nets placed below the target helps to trap the electrons. It results in an increase of the prob-ability of an ionising electron–atom collision, thus, the plasma is denser and the sputtering rates are higher. If an additional gas is added in the deposition chamber in order to react with the atoms ejected from the target, the process is called magnetron reactive sputtering. In some conditions, the surface of the target will start to oxidised and causing electrical arcs and defects in the film. In order to avoid the surface charging due to this insulating layer, pulsed deposition with a medium-range frequency (10-250 kHz) is used. Figure 3:1 illus-trate the principle of DC bipolar-pulsed sputtering: τON is the time fraction during which the sputter deposition takes place and τOFF  is the time during when the voltage is reversed to remove the accumulated charges (usually in nanoseconds). 
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Figure 3:1   DC-bipolar pulsed duty cycle (adapted from Belkind, 2000). The duty cycle, defined as eq. (9) (Belkind, 2000), can be modified by varying the frequency for a fixed τOFF or by varying the ratio τON/τOFF for a given frequency. Unless otherwise stat-ed, the frequency used for DC-bipolar pulsed (DC-p) sputtering was 250 kHz with τOFF = 496 ns which means a duty cycle = 87.6 %. Alternative current with a medium frequency (MF) power supply can also be used. ݈݁ܿݕܿ ݕݐݑܦ = ߬ைே߬ைே + ߬ைிி  

  (9) DC, MF and DC-p sputtering are generally controlled for a given power. The repartition of the voltage and the current provides information on the state of the target in reactive sput-tering. This variation in voltage is accompanied by a change in deposition rate which can be monitored using a quartz balance. The oscillation frequency of a crystal placed in a vacuum chamber will vary as its mass increases during deposition. An instrument can monitor this frequency change and convert it to deposition rate given a density and some calibration parameters. Figure 3:2 illustrates variation of the discharge voltage and of the deposition rate as the oxygen partial pressure increases for the case of Zr sputtering in O2-Ar (Venka-taraj, 2002). When oxygen flow increases, the coating deposited goes from metallic to oxi-dized; however, if a thick layer of oxide forms onto the target, then the deposition rate drops. The occurrence of arcs results in poor process stability and lowers the quality of films due to target poisoning. Process parameters should be chosen in the transition zone. 

 
Figure 3:2   Effect of oxygen flow on the a) target voltage and on b) deposition rate during the reactive magnetron 

sputtering of Zr-O2/Ar (Venkataraj, 2002). 
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For electrically insulating materials, such as ceramic targets, AC modulation of the power at radio-frequencies (RF 13.56 MHz) is used. RF sputtering usually yields high quality films but with a very low deposition rate. Furthermore, the scale up of RF systems is more com-plex than DC, DC-p or MF sputtering (Kelly, 2000). Figure 3:3 a) shows the interior of the deposition chamber used for this work. It comprises five magnetrons in a sputter-up configuration which can be used simultaneously. Argon gas is fed next to the target and the reactive gas (oxygen or nitrogen) are fed next to the sample. In order to obtain good homogeneity (e.g. better than five nanometers on a sample with a diameter of ten centimeters), the sample rotates during deposition and its height can be adjusted. DC, pulsed-DC (MF) and RF power supplies are available for each target. The transfer chamber was equipped with a laminar flow hood (Figure 3:3 b)) to reduce the amount of dust particles on the substrates. It is similar to systems used in clean rooms and allows a net reduction of pinholes in solid state devices. 

a)    b)  
Figure 3:3   Photograph of a) the interior and b) the exterior of the sputtering chamber. A laminar flow hood is in-

stalled above the transfer chamber to avoid dust particles on the substrates. Cylindrical targets with a diameter of 50.8 mm are used in this chamber. This size is com-mon for laboratory scale equipment. In the glazing industry, the glass substrate are usually 3,21 m wide - 6,0 m long and large cylindrical cathodes are then used. The following targets were used in this study: 
 ITO (Kurt J Lesker 99.99%) 
 W (Kurt J Lesker 99.95%) 
 Ni-V 93-7 wt% (Testbourne 99.95%) 
 Ni (AJA, 99.99%)  
 Ni-Ta    91-9 at% (AJA, 99.9%)  
 Li3PO4 density 2.35g/cc (Kurt J Lesker 99.95%) 
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 LLTO Li0.5La0.5TiO3 (IZTech university) 
 Ta (Testbourne 99.99%) 
 Al (AJA 99.999%)  The targets were pre-sputtered in order to remove traces of surface oxidation for at least 5 minutes; meanwhile, the sample was protected by a shutter. Then a conditioning step was performed with desired process parameters for at least 10 min with the sample still behind the shutter.  Argon, oxygen and nitrogen with a purity of 99.999 % were used as process and reactive gas. The gas lines were purged at least two times before deposition.  Silicon wafers, ITO glass or glass slides were used as substrate. Pieces of silicon wafers were used “as received” while ITO and regular soda lime glass slides were cleaned in isopropanol in ultrasonic bath and dried with nitrogen. Metallic masks and kapton® tape were used to maintain the substrates on the substrate holder and delimitate the area to be coated. As illustrated in Figure 3:4, the sputtering chamber is connected to a transfer chamber in which a lithium dispenser was installed. The chamber is also connected to the XPS/UPS chamber (more details in section 3.5) via an intermediate chamber. Samples can be meas-ured in-situ, as-deposited or lithiated, as well as ex-situ following a cleaning with the argon ion sputter gun.  The sample can be transferred in vacuum from one chamber to the other using magnetic rods. 

 
Figure 3:4   Schematic of the installation for transfer, sputter deposition, lithiation and in-situ analysis of the sam-

ples. 3.1.2 Lithiation Lithiation of the samples was performed via wet and dry methods. The wet method consists of dipping the sample in a lithium-salt containing electrolyte, namely LiClO4 in propylene carbonate and to apply an electrical potential step. 
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In order to manufacture clean samples for photoelectron spectroscopy or to produce all solid state devices in vacuum, a dry lithiation method was developed. Lithium dispensers bought from SAES Getters, Italy were installed in the transfer chamber using an electrical feedthrough and adapted flange as illustrated in Figure 3:5. The lithium dispenser is con-nected to the electrical feedthrough and heated via resistive heating using a DC power sup-ply. A shutter is used to protect the sample during the conditioning step.  

a)    b)  
Figure 3:5   a) Electrical feedthrough with its lithium dispenser and b) installation in the vacuum chamber. The sam-
ple is translated in vacuum from the deposition chamber. A shutter protects the sample during the conditioning of 

the lithium dispenser.  3.1.3 Laser ablation 
Some parts of the text below is reproduced from:  Bouvard O, Lanini M, Burnier L, Witte R, Cuttat B, Sal-
vadè A, Schüler A. Structured transparent low emissivity coatings with high microwave transmission. Ap-
plied Physics A. 2017 Jan;123-1. Available from: http://link.springer.com/10.1007/s00339-016-0701-8 Laser ablation was used to remove chosen patterns on low emissivity coatings in order to modify their properties towards the microwaves used for mobile communications. A 1064 nm nanosecond fiber laser was chosen because glass is transparent and silver absorbs in this wavelength range. Patterns (lines or grid) were defined to control the movement of the laser head, the sample staying motionless (Figure 3:6 a)). Lines were ablated by pulses of laser at a frequency of 10 kHz with a speed of 6 m/min and a power of 10.5 W. Samples were processed with the laser beam incident from the back-side to improve the precision of the ablation (Witte, 2013). Focus and power were adjusted in order to obtain an ablation width appropriate for interrupting the electrical conductivity, the latter being measured using a high voltage multimeter. Different laser parameters (power, pulse duration, focus) have been tested in order to obtain the thinnest line while still providing electrical insula-tion. Figure 3:6 b) shows the laser scribing equipment used to produce the samples.  
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Figure 3:6   a) Diagram of the laser scribing equipment. The sample is on a X-Y table, the laser head is motionless. b) 

Photograph of the device used to make the first prototypes.  3.2 Electromagnetic properties 3.2.1 Measurement of microwaves transmission  
Some parts of the text and figures below are reproduced from :  Bouvard O., Lanini M., Burnier L., Witte 
R., Cuttat B., Salvadè A., Schüler A. Structured transparent low emissivity coatings with high microwave 
transmission. Applied Physics A. 2017 Jan; 123(1). Available from: 
http://link.springer.com/10.1007/s00339-016-0701-8 (part mostly written by M. Lanini, SUPSI). Different approaches exist to determine the microwave attenuation or radio frequency (RF) insertion loss of a material (Rahman, 1992). In this work, a free-space approach was adopt-ed (see Figure 3:7 a) and b)) that is recognized to be a good trade-off in of terms of meas-urement accuracy in a dynamic range of 50-60 dB, repeatability, simplicity of the test fix-ture and fast measurement time (Wilson, 1988; Grosvenor, 2002). The measured sample dimensions were 50 cm x 50 cm. To achieve the necessary accuracy, the setup includes a large metallic shield to minimize the edge effect at the panel borders (see Figure 3:7 c) and d)) and the measurement is performed with a 2-port Vector Network Analyzer (VNA) with time gating capability (Agilent, 2007). The setup is composed of: 
 A sample holder with an additional metallic shield and EMI gaskets for samples un-der test (SUT) smaller than 60 cm  x 60 cm. 
 A Vector Network Analyzer Agilent PNA E8364B 10 MHz to 50 GHz, with time do-main (Option 010); 
 2 x R&S®HL050 Antenna, High Gain Log-Periodic Antenna 850 MHz to 26.5 GHz; 
 4 x Emerson & Cuming, ECCOSORB® AN 79 broadband absorbers; 
 2 x 2m High performance microwave coaxial cables, Huber + Suhner, Sucoflex® 100; 
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Figure 3:7   The free space method consists of a) a reference measurement of the free space loss and b) the meas-

urement with the SUT. c) To deal with reflections / diffractions the experimental setup was modified with a metallic 
shield and a time-gated vector network analyzer (VNA). d) Picture of the test fixture and a glazing (SUT) (Bouvard, 

2017a). The time-gated measurement results allow the cancellation of multipath effects of the room (walls, roof floor), but not of the edge effect (scattering on SUT edge). In fact, fading signal (Rician like) can be observed on the envelope of the measured data. This effect is present only on samples smaller than 100 cm by 100 cm as the longest path cannot be discriminat-ed in the time domain and the metallic screen introduces standing waves. Standing waves can be measured by averaging several measurements taken in different positions (IEEE Std, 1969) or by averaging the results in the frequency domain. In the present work, the anten-nas were fixed in one position (to keep a constant zero reference), thus a post-treatment using a cubic smoothing spline was applied to minimize the ripple on the measured shield-ing effectiveness (SE) (Unser, 2005).  3.2.1 Computer simulation The patterned coatings were simulated with the 2.5D EM simulator Ansys® Designer™ (version 15.0.0), a commercial tool that allows the analysis of infinite structures acting as frequency selective surfaces (FSS) with fast and accurate simulations over an extremely wide bandwidth. The solver is based on the solution of mixed potential equations (Multi-layered media Green's functions) by means of the method of moments (Gibson, 2008; Michalski, 1997). The following properties were used (Kiani, 2008) : εr glass = 7.0, coating sheet resistance: 4.0 Ω/sq.    
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 3.3 Optical and thermal properties 
Some parts of the text and images are reproduced from :  Bouvard, O., Burnier, L., Oelhafen, P., Tonin, A., 
Wüst, P., Sidler, F., Zweifel, G., Schüler, A., 2018. Solar heat gains through train windows: a non-negligible 
contribution to the energy balance. Energy Efficiency. https://doi.org/10.1007/s12053-018-9643-7 3.3.1 Visible/NIR spectrophotometry with integrating sphere  Spectrophotometry is a quantitative measurement of the reflectance ρ(λ)  and transmit-tance τ(λ) of a material as a function of the wavelength. The equipment used in this work is composed of a light source, an integrating sphere and a spectrometer. The light source is an incandescent lamp emitting an isotropic radiation with a distribution of intensities close to that of a black body. The integrating sphere (LOT, RT-060-SF) allow the determination of the total reflectance and transmittance as well as their diffuse component. The spectrome-ter Oriel MultiSpec 125TM 1/8m is equipped with an Instaspec IITM Photodiode Array De-tector for the visible range (400 to 800 nm) and an Optronic Laboratories Monochromator OL 750-M-S coupled to a NIR-sensitive PbS detector (OL 730) for the near-infrared range (NIR 800 to 2500 nm).  The spectral properties of materials or devices are used to determine the coefficients of so-lar direct transmittance τe and visible light (or luminous) transmittance τv according to equation (10) and (11) respectively (EN410, 2011) (the calculation can be made using the Matlab routine presented in Annex A.1) 


=

Δ


=

Δ
= nm

nm
S

nm

nm
S

e 2100

350

2100

350
)(

λ
λλ

λ
λλτλ

τ

 

 
 (10) 

where Sλ is the relative spectral distribution of the solar radiation, τ(λ) is the spectral transmittance of the glazing  and Δλ is the wavelength interval (in nm).  
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where Dλ is the relative spectral distribution of illuminant D65, τ(λ) is the spectral transmit-tance of the glazing, V(λ) is the spectral luminous efficiency for photopic vision defining the standard observer for photometry and Δλ is the wavelength interval (in nm). 



Chapter 3 Experimental methods and numerical analysis 61
 

61 

The solar direct reflectance ρe and the visible reflectance ρv can be determined in a similar manner, using eq. (10) and (11), by replacing the spectral transmittance τ(λ) with the spec-tral reflectance ρ(λ). The solar direct absorptance, αe, can be found using the eq. (12).  ߬௘ + ௘ߩ + ௘ߙ = 1  (12) 3.3.2 Angular dependent optical properties Optical properties of coated glass vary with the angle of incidence of the light beam. A win-dow test bench, originally developed at University of Basel (Steiner, 2005) and now in-stalled at EPFL/LESO-PB in Lausanne, was used to measure transmittance and reflectance at angles of incidence from 0° to 75°. This experimental set-up is composed of a light source, a support able to carry and rotate an up-to-scale double glazing, a receiver collimator and a Zeiss diode array spectrometer as depicted in Figure 3:8.  

 
Figure 3:8   Windows test bench used to measure the spectral reflectance and transmittance as a function of the 

angle of incidence of light. a) Photograph showing the setup. Windows are carried by a rotating holder allowing to 
vary the angle of incidence of the light. The collimator is connected to an optical fiber and can be positioned at 
different angles; the optical path is constant regardless of the angle of measurement. b) Diagram depicting the 

setup (reproduced from Steiner, 2005). The front diffusor plate of the light source provides a rectangular area (25 cm x 38 cm) of homogeneous diffuse radiation in the near UV, visible and near infrared wavelength range. A homogeneous intensity distribution over the front diffusor plate is required in order to account for the radiation passing through the double glazing indirectly by one or several internal reflections between the glass panes. Furthermore, a high temporal stability of the radiation intensity is obtained by making use of stabilized DC power supplies. The receiver collimator consists of a quartz lens with an aperture of 28 mm and a focal length of 76 mm. The wavelength accuracy of the spectrophotometer is 0.5 nm for λ<500 nm and 1 nm for λ>500 nm and the wavelength reproducibility is 0.1 nm. A transmittance measurement per-formed every 10 s for 20 min showed a deviation from the average line of 0.02% at 550 nm, and smaller than 0.3% in average in the range 350-2150 nm, confirming the stability of the light source and detector. For transmittance, the collimator is placed in line with the light 
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source. For reflectance measurements, the collimator can be moved to have the same light path length for each angle. Spectral intensities are measured for wavelengths ranging from 350 nm to 2150 nm (UV-Vis-NIR). These measurements can be used to determine the color rendering index  (CRI) and the color coordinates of the samples (the calculation can be made using the Matlab routine presented in Annex A.2). Unless otherwise indicated the transmittance measurements are showing specular transmittance and were performed at normal incidence on non-diffusing samples. 3.3.3 Angular-dependent solar gain factor  To assess the solar heat gains through windows in a building, the solar factor, g is neces-sary: it is defined by eq. (13). g (φ) =  τe (φ)+ qi  (13) where τe(φ) is the coefficient of solar direct energy transmission for an angle φ and qi is the secondary internal heat transfer factor. qi represents the part of energy absorbed by the glass and reemitted as heat on the interior side.  In the steady state, the solar direct energy absorption (eq. (14) is divided into the secondary internal and external heat transfer factors qi and qe. αe = qi + qe  (14) Angular dependent solar gain was determined using the method developed by Reber et al. (Reber, 2005). This method is based on the measurement of the external and internal sur-face temperature of the double glazing while lit by a beam of a solar simulator. The light source of the solar simulator is a water-cooled xenon arc lamp (1000 W). A spectral distri-bution similar to that of the solar radiation is achieved by the means of filters. The elevation of the surface temperature of the glazing are related to the heat flows from the surfaces to-wards the ambient according to heat transport theory for free convection. The secondary internal heat transfer factor qi depends on the external and internal heat transfer coeffi-cients he and hi, respectively that are fixed in standards such as EN 410 (EN410, 2011) to he = 23 W/(m2K) and hi = 8 W/(m2K). Since we are not performing the experiment under these conditions (that would require a forced convection of the order of 4 m/s at the outer sur-face and an internal surface temperature increment of 12 K with respect to ambient), qi is computed for standard ambient conditions. To determine the g-value, a calculated U-value is used as an input. The thermal performances of a double glazing can be estimated using the standards developed for the buildings such as the EN 673 for the calculation of the U-value (or thermal transmittance) (EN673, 2011). The latter takes into account the conduc-tion through the glass and the air gap, the convection by calculating a Nusselt number and the radiation considering the emissivity of each surface (see Chapter 1, eq. 1 and 2). Glazing 
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manufacturers are usually using the same standard to determine the U-value of the glazing, this calculation can be used in the absence of data from the manufacturer or to confirm the value indicated in the datasheet. An example of the study of angular dependent properties of new glazing can be found in Annex A.3.  3.3.4 Fourier-transform infrared spectroscopy and emissivity Fourier-Transform InfraRed spectroscopy (FTIR) is a method used to determine the spec-tral reflectance of a sample in the infrared range. First, an interferogram of a sample is col-lected using an interferometer, then a Fourier Transform is performed. In this work, a FTIR spectrometer from Bio-Rad Digilab Division was used to investigate the optical properties of thin films in the middle infrared range, from 2.5 μm to 16.7 μm. It uses a Globar lamp (sil-icon carbide rod emitting radiations in the middle infrared range, MIR), a beamsplitter made of an MIR transparent crystal and a room temperature deuterated triglycine sulfate (DTGS) detector. The measure is performed in two steps; first a gold standard is measured and corresponds to 100 % reflectivity. Then the sample is measured and the intensity of reflection relative to the former is obtained for each wavelength. Applying Kirchoff's law, which states that the spectral emissivity, ε(λ) of a body equals its spectral absorptance α(λ) at thermal equilibrium, the spectral emissivity of a material opaque in the infrared can be obtained by eq. (15). 
α(λ) =  ε(λ) =  1 −  ρ(λ) = 1 − ௜௡௖௜ௗ௘௡௧(λ)ܫ௥௘௙௟௘௖௧௘ௗ(λ)ܫ   

(15) The emissivity ε is then the integral of the spectral absorptance weighted by the spectral emission of a black body at 283 K.  3.3.5 Ellipsometry Ellipsometry is an optical technique used to determine the optical constants and/or the thickness of thin films. When polarized light reaches a surface, the reflected light is ellipti-cally polarized. The parameters describing the ellipticity of the light (Ψ and Δ), shown in Figure 3:9, are recorded for each wavelength. The shape of the ellipse depends on the opti-cal properties of the investigated samples as well as on the angle of incidence. Roughness tends to depolarize light, therefore the samples should be as flat as possible. 
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Figure 3:9   Principle of Ellipsometry Φ0 : angle of incidence Δ: relative phase change Ψ: relative amplitude change 
s-plane stands perpendicularly to the plane of incidence p-plane stands parallel to the plane of incidence. Repro-

duced from (Vijitha, 2014). For this reason, the samples studied by spectroscopic ellipsometry were deposited on sili-con wafer unless otherwise noted. Furthermore, the measurements were performed usually at four angles of incidence (60°, 65°, 70° and 75°) to gain additional information. This is par-ticularly useful when both the optical constants and the thickness are unknown; in this case, a model is necessary to interpret the data.  Cauchy dispersion law was used in the non-absorbing region of the studied thin films (Cau-chy, 1836). It can be written in the form of a limited development of the refractive index as a function of the wavelength (eq. (16)). 
n(λ) = A + λଶܤ +   .λସ  (16) Where A, B and C are positive numbers characterizing the studied medium, respectively without dimension, in m2 and in m4. In this work, a variable-angle spectroscopic ellipsometer SE-2000 from Semilab was used in the visible range (400-800 nm): the softwares Winelli and SEA were used for analysis. The initial guesses of thicknesses were made according to the profilometry or quartz balance results. Ellipsometry was also used to monitor the homogeneity of the thickness on a 10 cm diameter sample. A mapping was performed to monitor the thicknesses relative to the cen-ter of the sampleܥ
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3.4 Electrochemical properties A potentiostat Bio-Logic SP200 equipped with a frequency response analyzer was used for the electrochemical measurements. The EC-lab software was used to control the potenti-ostat and analyze the results. The accuracy of the potentiostat is ±0.03% of the setting for the voltage/current control and 0.03% of the reading for voltage/current measurements. 3.4.1 Chronoamperometry  In chronoamperometry, a chosen voltage (in V) is applied to the electrodes and the result-ing current (in A) is measured as a function of time. A potentiostat is used in order to keep the voltage constant between the reference electrode and the working electrode. The poten-tiostat is an active element which delivers the amount of current required to keep the volt-age constant. The current is dependent on the chemical reaction and is recorded as a func-tion of time. Since the amount of charge passing to the system is the integral of the current versus time (Bard, 2001 p.159), this technique is also called chronocoulometry. Figure 3:10 illustrates the excitation waveform of a potential step (a) and the resulting response in cur-rent (b). In an electrochromic device under test, the potential would be used to color or dis-color the device depending on the chosen voltage.  

a)  b)  
Figure 3:10   Potential step chronoamperometry a) excitation potential waveform b) current response, the part 
under the curve and above the dotted line represents the amount of charge passed. Reproduced from (Fisher, 

2010). In this work, a potentiostat Bio-Logic SP200 was used for most of the electrochemical measurements. First measurements on a half-cell (WO3 in Li-PC with graphite as counter electrode) were performed using a power supply unit and a digital multimeter to record currents. 3.4.2 Cyclic voltammetry  In linear sweep voltammetry, a varying potential step is applied to the working electrode from a lower limit to an upper limit. In cyclic voltammetry, the potential is swept in the op-posite direction as depicted in Figure 3:11 a), and repeated. Generally the measured current is displayed as a function of voltage as shown in Figure 3:11 b): oxidation and reduction peaks can be observed. By convention, the negative current is associated to the reduction 
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and the positive current to the oxidation reaction. The current varies as the voltage increase due to the influence of voltage on the equilibrium established at the electrode surface (Fish-er, 2010). If the reaction rate is fast compared to the scan rate, the equilibrium can be pre-dicted by thermodynamics. The Nernst equation (eq (17)) is derived from the standard changes in the Gibbs free energy associated with an oxidation-reduction reaction. For an electrochemical half-cell, the Nernst equation is given by (17). 
E௥௘ௗ = ௥௘ௗ଴ܧ − ℱݖܴܶ ݈݊ܳ  (17) where Ered is the half-cell reduction potential at the temperature of interest, R is the univer-sal gas constant (in J∙K−1∙mol−1), T is the temperature (in K), F is the Faraday constant (in C∙mol−1), z is the number of electrons transferred in the cell reaction or half-reaction, Q is the reaction quotient of the half-cell reaction. When the voltage varies from V1 to V2 the equilibrium position shifts from no conversion at V1 to full conversion at V2 of the reactant at the electrode surface. 

 
Figure 3:11   Cyclic voltammetry a) excitation waveform b) typical voltammogram for a reversible single electrode 
transfer reaction c) typical current response of a fast and reversible system with increasing scan rate. Reproduced 

from (Fisher, 2010). Further information on the system can be gained by varying the scan rate. Figure 3:11 c) illustrates the typical voltammogram obtained for a fast and reversible system when the scan rate is increased. The current increases but the value of the peak potential stays con-stant. The diffusion layer above the electrode surface will grow much further from the elec-trode in a slow voltage scan rate. The flux to the electrode surface, and therefore the cur-rent, will be smaller for slower scan rates.  For slow and quasi-reversible systems, the equilibria cannot be reached rapidly (relative to the scan rate). The position of the current maximum will shift depending on the rate con-stant of chemical reduction and the scan rate.  Reactions of intercalation such as in batteries or electrochromic materials are usually slow. The current takes more time to respond to the 
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applied voltage and the Nernst equation cannot predict the concentrations of reactants at the electrode surface. However, the analysis of the variation of the peak position with the scan rate can be used to estimate the electron transfer rate constants. 3.4.3 Electrochemical impedance spectroscopy  Electrochemical impedance spectroscopy is a non-steady state method used to investigate electrochemical systems. It consists into applying a sinusoidal voltage (or current) varying in frequency and to measure the resulting current (or voltage). The amplitude of the sinus-oid should be small enough to be able to consider that the system is linear. When a sinusoi-dal voltage is applied to a system containing components such as inductors and capacitors, the current response is also sinusoidal but a phase shift occurs. To quantify signal magni-tude and phase shift, the concept of impedance (Z) is used, and given by eq. (18). 
Z(݂) =  ℒሼ(ݐ)ܧሽℒሼ݅(ݐ)ሽ  (18) where ℒ is the Laplace transform, E is the potential and I the current.  The Laplace transform is an integral transform in which a function of time is transformed into a new function of a parameter: here frequency f (Hz)(Lasia, 1999). The response of the system is expressed as the real and imaginary part of the impedance in the Nyquist diagram representation, eq. (19), Z = a + j b =  ℛe(Z) + j ℐm(Z)  (19) with j2= -1.  or as the modulus and phase shift in the Bode plot representation, eq. (20). Z = ρ(cosφ +  j sinφ)  (20) where ρ is the modulus and φ the phase shift. Figure 3:12 shows the typical response in impedance of an ideal resistor, an ideal capacitor, a constant phase element (used for non-ideal capacitors), a resistor and capacitor in series, a resistor and capacitor in parallel and a resistor and constant phase element in parallel. These elements are used to fit the data obtained by electrochemical impedance spectrosco-py: they can be related to the nature of the sample. For example, an insulating layer located between two conductive layers will respond as a capacitor and the ionic conduction process respond like a resistor and capacitor in parallel. 
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a)   Z(݂) =  Rଵ   
d)   Z(݂) = Rଵ + (݂)ଵ b)   Zܥ݂ߨ1݆2 = (ଵ  eܥ݂ߨ1݆2    Z(݂) = Rଵ1 + ݂ߨ2݆ Rଵܥଵc)   Z(݂) =  1ܳଵ(݆2݂ߨ)ఈభ  
f)   Z(݂) = Rଵ1 + Rଵܳଵ(݆2݂ߨ)ఈభ 

Figure 3:12   Typical elements used for equivalent electrical circuits with their impedance function and representa-
tion in Nyquist diagram where the vertical and horizontal axis are respectively minus the imaginary and real part of 

the impedance (-Im(Z) vs Re(Z)). a) Ideal resistor b) ideal capacitor c) constant phase element, used for non-ideal 
capacitors  d) resistor and capacitor in series e) resistor and capacitor in parallel f) resistor and constant phase ele-

ment in parallel. Images from (EC-Lab, 2016). The potentiostat VP-200 from Bio-Logic was equipped with a frequency response analyser with a frequency range of 10 μHz up to 7 MHz. In this work, Electrochemical Impedance Spectroscopy (EIS) was mainly used to determinate the ionic conductivity of the solid state ionic conductors. They were deposited on Indium Tin Oxide (ITO). A shadow mask was used to deposit the metallic contacts (aluminium or tungsten), as depicted in Figure 3:13.  
 

Figure 3:13  Sample for determination of ionic conductivity by EIS. 3.4.4 Spectroelectrochemical experiments In order to study the optical response of the electrochromic devices, optical measurements were performed while the sample was cycled by chronoamperometry or cyclic voltamme-try. The Zweiss spectrophotometer described in Section 3.3.2 was used. The acquisition time is short and allows a scan in the visible and near infrared (350-2100 nm) every 0.5 seconds: Figure 3:14 a) is a schematic representation of the measurement setup. The elec-
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trochromic half device in a liquid bath or the full-device with solid or liquid electrolyte is placed in front of the collimator. A diaphragm is used to limit the light beam only to the switching part of the sample. The potentiostat is connected to the ITO layers (and graphite rod in case of half-cell device) and is used to control the voltage: the current is recorded while the spectral transmittance is measured. Figure 3:14 b) details the four-point connec-tion used between the potentiostat and a solid state sample.   

a)  b)  
Figure 3:14   a) Setup for spectroelectrochemical experiments. b) Detailed connection between the potentiostat 

and a solid-state sample. Unless otherwise indicated, the spectral transmittance is the specular transmittance rec-
orded at normal incidence. 

 3.5 Electronic properties 3.5.1 X-ray Photoelectron spectroscopy X-ray Photoelectron spectroscopy (XPS) takes advantage of the external photoelectric effect to understand the chemical environment and state of the analyzed sample. The depth of the response will depend on the energy of the incident photon. XPS, alternatively named elec-tron spectroscopy for chemical analysis (ESCA), is commonly performed using soft X-rays provided from Mg Kα or Al Kα at energies of 1253.6 eV and 1486.6 eV respectively.  As illustrated in Figure 3:15, the emitted photoelectrons have to pass through a hemispher-ical analyzer. Electrostatic fields are established to detect only the electrons of a given ener-gy to arrive on the multichannel plate detector, this is the pass energy. The hemispherical analyzer and the transfer lenses can be operated in two modes, the Constant Analyzer En-ergy (CAE) and the Constant Retard Ratio (CRR). XPS are usually acquired in CAE mode. 
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Figure 3:15   Schematic of an X-ray photoelectron spectrometer. Reproduced from (Perumal, 2016). The photoemission process in XPS can be divided into three processes if a decoupling of intrinsic, extrinsic, surface effects and excitations when the electron moves in the vacuum is assumed (Tougaard, 2010). This is called the three-step model and is illustrated in Figure 3:16. In a first step, the emitted photon is absorbed and e core-electron is excited. In a sec-ond step, the electron migrates to the surface and in a third step, the electron escapes to vacuum and travel to the energy analyzer (Dowell, 2009). 

 

 
Figure 3:16   Spicer’s three-step model for photoemission. Reproduced from (Dowell, 2009). The core level binding energy (BE) can be determined using eq. (21). BE = hν − KE  (21) The kinetic energy (KE) is independent of the x-ray photon energy, however as observed from eq. (21), in the binding energy scale, Auger peak positions depends on the X-ray source.  
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The resulting XPS spectrum represents the intensities of photoelectrons, as a function of the binding or kinetic energy. The peak identification can be performed using reference data-base such as the NIST X-ray Photoelectron Spectroscopy Database (Naumkin, 2012) or sci-entific literature on similar elements. For p, d and f peaks, two peaks are observed: the sep-aration between the two peaks, or spin orbital splitting, of a core level of an element in dif-ferent compounds is nearly the same. Therefore, the spin orbital splitting can assist in peak identification of different oxidation levels. Furthermore, the area ratios between two peaks of a spin split orbital are specific to the core-level. The ratio of the p1/2 peak area over the p3/2 is 1:2, d3/2:d5/2, is 2:3 and is 3:4 for f5/2:f7/2. These values can be used as constraints to perform accurate peak deconvolution. In this study, XPS measurements were performed with an EA11 energy analyzer from SPECS using a photon energy of 1253.6 eV (Mg Kα). The survey scans were measured at a pass energy of 50.4 eV at the energy analyzer. The high-resolution scans of the elements were measured at a pass energy of 29.9 eV. The spectrometer energy scale was calibrated with Au 4f7/2 core level signal from a gold bulk element (99.99% purity) at 83.8 eV. The con-centrations of elements were obtained by integrating over the core level signal after sub-tracting a Shirley background and using the Scofield derived relative sensitivity factors (RSF). These theoretical factors were determined for isolated atoms and show a good agreement with experimental data on single element (within 5%, excluding elements with high atomic numbers) (Scofield, 1976). For compounds, the absolute error is usually con-sidered to be about 10%. The relative error between two measurements performed on the same equipment and the same type of sample is small and depends on the level of noise which can be reduced by increasing the acquisition time (CasaXPS, 2011). Deconvolution of spectra was performed using Gaussian-Lorentzian functions in the CasaXPS software.  3.5.2 UV  Photoelectron spectroscopy Ultraviolet photoelectron spectroscopy (UPS) operates on the same principles as XPS, ex-cept that the photons energy in the range of tens of eV are used. Since the photons energy is smaller, UPS is sensitive only to the first mono-layers. Information on the sample will origi-nate mainly from the valence band. UPS spectra can also provide information on the work function of the sample. In this work, a helium discharge lamp is used as photon source for UPS measurement. The He I line has an energy of hν = 21.22 eV and He II of hν = 40.82 eV.  Scans were recorded at a constant retardation ratio of 4. The chamber used for the deposition of sample and for the UPS and XPS analysis is depicted in Figure 3:17.    
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Figure 3:17   Photograph of the laboratory with magnetron sputtering deposition chamber on the left hand side and 

the XPS/UPS chamber with the hemispherical analyzer on the right hand side. 3.5.3 Resistivity measurements The resistivity of any conducting sample can be measured using a four-point probe method in the van der Pauw Configuration (Van Der Pauw, 1958). The current is applied on two contacts while the voltage is measured on the two others. The film resistivity is then given by eq. (22): 
஽஼ߩ = 2݈݊ 2݀ ߨ (ܴଵଶ + ܴଶଷ)݂ ൬ܴଵଶܴଶଷ൰  (22) where d is the film thickness (in nm), Rij the resistance between the point i and j (in Ω) (see Figure 3:18) and f is a tabulated function of geometrical correction. In this work, the sam-ples were nearly square shaped and thus R12 and R23 were almost equal giving f=1. 
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Figure 3:18   Setup for the electrical resistivity measurement. Reproduced from (Springer, 2004). Temperature influences the electronic conductivity of materials. In metals phonon scatter-ing reduces the electrical conductivity as temperature increase, whereas in semiconductors electrical conductivity increases thanks to thermal activation: therefore, the temperature of the sample was recorded during the measurement. Unless otherwise stated, the value of the resistivity was taken at 25°C. A heating stage was used to increase the temperature if neces-sary. 3.5.4 Electronic leakage For electronically insulating samples, such as solid ion conductors, an estimation of the electronic leakage can be determined by apply successively potentials steps for long period of times (Su, 2015). DC current decay curves were measured for 16 to 24h applying a volt-age drop of 1, 2 and 3 V. The current decrease and reach a steady current due to the elec-tronic leakage current. The electronic resistance can be obtained from the slope of poten-tial-current curve. This measurement provides an upper limit value of the electronic partial conductivity.  
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3.6 Morphology and structure 3.6.1 Electron microscopy and X-ray dispersive spectroscopy A scanning electron microscope (SEM) probes the samples with a focused electron beam to produce the image. The electron beam interacting with the sample is converted into low-energy secondary electrons, high-energy back-scattered electrons, light emission or X-ray emission. The image coming from the secondary electrons reveals mainly the topography, while the back-scattered electrons give information on the relative density of the observed materials. As the energy of X-rays are characteristic of the atomic structure of the element and the energy difference between shells, an elemental analysis can be performed.  In this work, the following SEM were used:  
 an FEI XLF30-FEG (Everhart-Thornley secondary-electron detector and Schottky FEG electron gun) with an energy-Dispersive X-ray spectrometer (EDX)  
 a Zeiss GEMINI 300 (Thermal field emission, Everhart Thornley Secondary Electron detector, Inlens Secondary Electron detector, Angular selective backscattered detec-tor) The samples to be observed by SEM were usually deposited on silicon wafer substrates. A thin carbon coating (less than 5 nm) was applied on charging samples. 3.6.2 X-Ray Diffraction The interaction of X-ray with crystalline matter produces constructive interference. The atomic planes act as three-dimensional gratings for X-rays wavelength in the order of mag-nitude of the spacing between planes of a crystal lattice (Friedrich, 1912). By scanning at multiple angles, a diffractogram is obtained. The comparison with standard patterns allows for crystal phase identification. This method was also used to confirm that the samples de-posited were amorphous. A Empyrean system (Theta-Theta, 240mm) equipped with a PIXcel-1D detector, Bragg-Brentano beam optics and parallel beam optics was used. The Scherrer formula eq. (23) can be used to determine the crystallite size. 
(ߠ2)ܤ = Lߣ ܭ cos  .with K the constant of proportionality (usually taken to 0.9), λ the wavelength of the X-ray radiation of the source (0.154056 nm for Cu Kα), L the crystallite size, θ the Bragg angle and B, the line broadening at half the maximum intensity (23)  ߠ
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3.6.3 Profilometry A mechanical profilometer has a tip, which scans the sample surface while the variation of its height is measured. This can be used to observe topological change or roughness. In this work, a Bruker Dektak XT surface profiler was used in order to get an estimation of the coatings thickness. Before deposition of the coating, a Kapton tape was placed on the sub-strate to create a step. A line of few millimetres was then scanned by the tip and the differ-ence between the substrate height and the sample height gives the thickness of the film (in nm). The vertical resolution of the DektakXT stylus profilometer is 0.4 nm; however in prac-tice, the quality of the step and the homogeneity of the sample limit the accuracy of the thickness measured. To reduce the uncertainty, the sample is usually measured in three different positions and the resulting thickness averaged, the deviation is usually about ±10 nm. For transparent samples, the thickness measured is used as an initial value to perform a fit on experimental ellipsometry data.   
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 Conductive coatings Chapter 4 This chapter first describes the results obtained during the development of a low-e coating with high microwave transmission. The optical and thermal properties of this new glazing are evaluated along with the attenuation of microwaves. The visual appearance and mechanical properties are also considered. Finally, applications for this new type of low-e coating are discussed. In a second part, the conductive coatings used as transparent elec-trodes for electrochromic devices are investigated. Commercial indium tin oxide coatings as well as coatings deposited in the laboratory with no substrate heating are studied. Their electrical, optical and structural properties are measured and compared. 
 4.1 Low-e coating with high microwave transmission 
Some parts of this text and images are reproduced from:  Bouvard O, Lanini M, Burnier L, Witte R, Cuttat 
B, Salvadè A, et al. Structured transparent low emissivity coatings with high microwave transmission. 
Applied Physics A. 2017 Jan; 123(1). Available from: http://link.springer.com/10.1007/s00339-016-0701-8  

and from:  Bouvard O, Lanini M, Burnier L, Witte R, Cuttat B, Salvadè A, et al. Mobile communication 
through insulating windows: a new type of low emissivity coating. Energy Procedia. 2017 Sep;122:781–6. 
Available from: https://doi.org/10.1016/j.egypro.2017.07.396 Low-e coatings, due to their electrical conductivity, attenuate the transmission of the mi-crowaves used for mobile communications compared to uncoated glass. If such coatings are used in a train whose envelope is made of metal, the electromagnetic waves used for tele-communications are strongly attenuated as in a Faraday cage. When the attenuation is too strong, repeaters are used to amplify the signal; these need to be replaced whenever com-munication standards change and their cost is non-negligible. The currently used communi-cation standards include GSM (Global System for Mobile communications, 880–960 MHz) and UMTS (Universal Mobile Telecommunications System, 1920–2170 MHz).  Therefore, there is a need for a new material that could reflect the infrared range and transmit a large band of microwaves while conserving transparency in the visible range: a low emissivity coating with high microwave transmission. 
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4.1.1 Square patch pattern FSS A large band pass is necessary for a passive system in order to be independent of communi-cation technology modifications. A square patch pattern on a conductive coating is a low pass filter; it is not limited to one specific wavelength and can be optimized for a large range of wavelengths: therefore, it should be suitable to create a low-e coating with a double se-lectivity. Various techniques exist for analysing frequency selective surfaces (Mittra, 1988); the analytical averaged approach presented by Costa et al. (2014) can be used to analyze the frequency response of the FSS. A square patch pattern can be considered as a non-resonant structure with capacitive behaviour. The system can be modelled using an electri-cal circuit equivalence, where a resistor (Rcoating) simulates a conventional low-e coating (see Figure 4:1 a)) and a capacitor (Cfss) in series with a resistor (Rfss) represents a coating patterned in square patches (see Figure 4:1 b)). Z0 represents the impedance of air and Z0,in = Z0,out = 377 Ω. The pattern can be described by the geometrical parameters linewidth w and periodicity D (see Figure 4:1 c)). 

 
Figure 4:1   a) Equivalent circuit of an electrically conductive coating; b) Equivalent circuit of a capacitive square 

patch pattern with resistive elements; c) geometrical parameters of a square patch pattern. For the considered electrical circuit with a resistor and a capacitor in series, the cut-off fre-quency f-3dB corresponding to an attenuation of 3 dB is given by eq. (24). 
fssfss

dB

C
Z

R
f

⋅





 +⋅

=−

2
2

1

0
3

π
  (24) where f-3dB is the cut-off frequency (in Hz), R and Z are resistance and impedance (in Ohm) and C, capacitance (in F). In the case of a capacitive square patch and at normal incidence, Cfss is calculated by eq. (25) (Costa, 2014).  
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where D is the FSS periodicity (in mm); w is the linewidth between the conductive patches (in mm); ε0 is the vacuum permittivity (in F.m-1) and εr1, εr2 are the relative dielectric per-mittivities of the surrounding mediums (i.e. air and glass). If the ratio w/D is maintained constant, Cfss becomes independent of w, and is proportional to D. The surface resistance Rfss is given by eq. (26) (Costa, 2010). 
 ( )2

2

wD

D
RR coatingfss −

≈   (26) where Rcoating is the sheet resistance of the patches of the conductive coating. Therefore, if the width w is very small as compared to the distance D, the surface resistance Rffs will be similar to the resistance of the patches of the conductive coating Rcoating, eq. (27).   
 for  w << D :    coatingfss RR ≈     (27) For patterned conductive low emissivity coatings on glass substrates, and for frequencies clearly below the plasma frequency of the free charge carriers, the following properties are typical (Kiani, 2008): εr glass = 7.0, coating sheet resistance: 4.0 Ω/sq. Using these values, the cut-off frequency f-3dB can be calculated as a function of w and D.  Figure 4:2 a) shows the behaviour of f-3dB when w is kept constant at a value of 35 μm and D is varied from 0.5 mm to 40 mm. For a decreasing D, f-3dB is monotonously increasing and at D = 2 mm, a cut-off frequency of 5.1 GHz is obtained. Figure 4:2 b) shows the behaviour of the cut-off frequency f-3dB when D is kept constant at a value of 4 mm, and w is varied from 1μm to 100 μm. For small w, f-3dB goes approximately with ln(D/w) (compare with eq. (25)). For increasing w, f-3dB is monotonously increasing, with decreasing slope. For w ≥ 60 μm,  cut-off frequencies f-3dB above 2.5 GHz are obtained.  
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Figure 4:2   a) Cut-off frequency f-3dB as a function of D for w = 35 μm, b) Cut-off frequency f-3dB as a function of w 

for D = 4 mm The following sections presents the experimental results obtained with the square patch pattern.  4.1.2 Characterization of the ablated area Laser ablation was used to create a non-conductive pattern on a low-e coating. Commercial glass for energy saving windows from AGC Verres Industriels Moutiers was processed. Glass samples with a thickness of 4 mm and a size of 500 mm x 500 mm were used. They were coated with a “Low-e Top N+T” low-emissivity coating. After laser scribing, the glass panes were assembled into double glazing: they are composed of a first glass pane of grey glass 4 mm thick, a 12 mm air gap and the coated glass pane. Large samples (min. 500 mm x 500 mm) are necessary to measure the attenuation of microwaves; in smaller samples edge effects may disturb the measurement. The total ablated area was kept small thanks to very narrow lines. A nanosecond fiber laser (1064 nm) was used to scribe fine lines on a low-e coating. The pulse frequency was 10 kHz and the displacement speed was 6 m/min (more details can be found in Chapter 3). Figure 4:3 displays images that were obtained by a) scanning electron microscopy (SEM), b) con-focal laser microscopy and c) Energy-dispersive X-ray spectroscopy (EDX).  
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Figure 4:3   a) Observation by scanning electron microscopy (SEM) of the linewidth. On the side of the ablated area, 
some accumulation of material can be seen. b) image of an intersection of lines ablated by laser pulses with confo-
cal laser microscopy. The dark area represents the coating. On the light part, the superimposition of the pulses can 
be observed. c)  SEM image and EDX element mapping of silicon, zinc and silver at a perpendicular intersection of 

ablated lines. Adapted from (Bouvard, 2017a) and (Bouvard, 2017b). Figure 4:3 a) shows the detail of an ablated line; the light grey area corresponds to the low-e coating. Due to the use of a nanosecond pulsed laser, the lines consist of a succession of overlapping disks corresponding to the focal spot of the laser: the overlap is in the order of 70% - 75% of the disc surface. On the edge of the ablated line, an accumulation of material is observed. The material of the low-e coating is ejected to the side of the laser spot. The width of the resulting line is approximately 40 microns. Figure 4:3 b) presents an enlarged view with the intersection of two perpendicular lines. It can be observed that there is no material deposition on the lines around the intersection point. Figure 4:3 c) shows an SEM image of the ablated line along with an EDX element mapping of silicon, zinc and silver. The glass substrate contains Si; it can be seen on the entire image of the element mapping. The low emissivity coating contains ZnO and metallic Ag. The element mapping clearly indicates that the low-e coating was ablated on the dark line visible in the SEM image. An accumula-tion of materials is observed at the edges of the ablated line but no deposition is observed around the intersection point. The pattern is expected to improve the transmission of mi-crowaves because it interrupts the electric conductivity; therefore, defects in the ablated lines should be avoided.  After ablation, it was verified that the electrical conductivity between two adjacent zones was effectively interrupted using an isolation tester for a representative number of zones. The width of 35-40 microns was selected because it proves sufficient to electrically insulate two adjacent zones. Therefore, patches of conductive coatings could be formed. To create a square patch pattern, an array of parallel lines is first ablated, then an array of parallel lines 
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perpendicular to the first ones are ablated. The interspacing between parallel lines was var-ied between 2 and 40 mm. For a linewidth of 40 microns and a spacing of 40 mm, the corre-sponding ablated area is only 0.2 %. For the same linewidth and a spacing of 2 mm, the ab-lated area represents 4 % of the coating. To create a pattern with equilateral triangles, par-allel lines are first ablated and two series of parallel lines at 60° and -60° from the first ones are ablated. 4.1.3 Thermal properties The ablated area should be kept as small as possible to preserve the low emissivity and therefore the insulating performances of the window. The reflectance in the mid-infrared region (2.5 μm to 16.7 μm) can be used to determine the emissivity of a coating. It was measured using an FTIR spectrophotometer and is displayed in Figure 4:4. The solid line in Figure 4:4 represents the commercial coating; its reflectance varies from 94 % at 3 μm to 97 % between 10 and 16 μm. The dashed line shows the values measured after the laser engraving. The reflectance is slightly lower with values ranging from 91 % at 3 μm to 95 % around 9 μm. The feature observable around 4.4 μm is due to the absorption of water and was not taken into consideration for the assessment of emissivity.  

 
Figure 4:4   Spectral reflectance of the coated glass in the mid-infrared region before and after laser engraving (ab-
lated lines width of w = 37 ± 2 µm, spacing D = 2 mm in grid pattern). The feature at approximately 4 μm is due to 

the absorption of water. Reproduced from (Bouvard, 2017a). Table 4:1 displays the emissivity determined from the FTIR measurement and the corre-sponding thermal transmittance, or U value, calculated according to EN 673 (see Chapter 2). For this calculation, a double glazing composed of two glass panes (one grey uncoated glass, d1 = 5 mm, and one coated clear glass, d2 = 4 mm), an air gap of s = 10 mm, and a mean tem-perature of T = 283 K were used. The laser treatment increases the emissivity of the coating of 3.2 percentage point: it corresponds to an increase of 0.05 W∙m-²∙K-1 for the calculated U value, which is below the uncertainty of the calculation. Hence, we could expect a minor difference between the conventional glazing and the one with a structured glazing in terms of overall thermal performances.  
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 εexp.  

/  % 
Ucalc.  

±0.1 /  W∙m-²∙K-1 
Umeas.  

±0.04 /  W∙m-²∙K-1 
Before engraving 3.3 1.81 1.86 

After engraving 6.5 1.86 1.87 

Table 4:1 Results of emissivity determined form the FTIR measurements performed before and after engraving on 
the same coated glass. The calculated U value was calculated taking into account the measured emissivity for the 

full low-e coating and the engraved one. The measured U-value was for a double glazing with 10 mm air gap and an 
ablated linewidth of 25 μm (these samples were produced in a cleaner atmosphere and thinner lines could be ob-

tained). The measurement uncertainty is ±0.04 W∙m-²∙K-1. Adapted from (Bouvard, 2017a) and (Burnier, 2017). Table 4:1 also indicates the U-value of selected samples measured by the Fraunhofer Insti-tute for Solar Energy Systems (Burnier, 2017). The measurement was performed on a dou-ble glazing similar to the one previously described with a size of 800 × 800 mm2 to reduce possible edge effects.  The average width of the ablated line was 25 μm. The ablated pattern was a grid with 2 mm spacing which correspond to an ablated area of 2.5 %. The difference between the two measured values is below the uncertainty of the measurement. It can be concluded that the ablation of a small area of the low-e coating (< 2.5%) has a negligible impact on the thermal properties of the window. 4.1.4 Optical properties and visual appearance After engraving, the glass panes were assembled into double glazing (with an air gap of 12 mm) to resemble a common window; optical measurements were performed on the ob-tained samples. Figure 4:5 displays the direct transmittance in the solar spectral range (UV, visible, NIR) of the double glazing composed of the conventional low-e coating and the one with a structured coating (2 mm spacing square grid pattern).  

 
Figure 4:5   Optical transmittance in the solar spectrum range of the double glazing with full low-e coating (full 

coating) and with laser structured low-e coating (ablated lines width of w = 37 ± 2 µm, spacing D = 2 mm in square 
grid pattern). Reproduced from (Bouvard, 2017a). 
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The two spectra are similar; the three peaks visible around 400, 600 and 800 nm are due to spectral features from the grey glass used as second glass pane. A difference can be ob-served from 1200 nm to 2100 nm where the structured coating is slightly more transpar-ent. This can be explained since a part of the low-e coating which also acts as a solar protec-tion is removed. The solar protection aims at reducing the amount of invisible solar energy (mainly the near infrared) entering the room to prevent overheating. From 400 nm to 800 nm, the measured values are comparable: it shows that the laser treatment does not alter the direct transmittance in the visible range. It was observed that the pattern is not visible in most lighting situations. Figure 4:6 displays photographs of the sample with a 2 mm line spacing. 

 
Figure 4:6   Photograph of a double glazing window with laser structured low-e coating (pattern with a line spacing 

of 2 mm). a) Photograph of the sample in common outdoor conditions. The focus is on the frame, the background is 
blurry and the pattern is indiscernible. A zoom on the top left corner of the glass is presented in the inset. b) Con-
tre-jour photograph of the sample, in these backlit conditions the pattern can only be distinguished in reflection. 

The inset shows a zoom of this reflection. c) The pattern is revealed in extreme conditions, here by directing a 
strong illumination on the sample at grazing incidence. d) Photograph of the sample in indoor conditions with artifi-

cial light and a dark background. Reproduced from (Bouvard, 2017a). In Figure 4:6 a), representing a common situation, the pattern is not visible even though the focus was on the window. Figure 4:6 b) exhibits the specific case with strong backlighting. The pattern appears in the reflection of the sun beam; the other parts of the window remain clear. In Figure 4:6 c) and d), a dark environment was set up in the laboratory. For the im-age in Figure 4:6 c), a strong illumination was directed towards the sample at a grazing in-cidence to reveal the pattern, while in Figure 4:6 d), in ambient light, the pattern is not visi-ble. Along with a high transmission of microwaves, the low visibility of this laser pattern is a key element for user acceptance. 
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4.1.5 Measured attenuation of the microwaves 4.1.5.1 Square grid pattern The interruption of the electrical conductivity at a scale much smaller than the considered wavelength is expected to enhance microwave transmission. As presented in section 4.1.1, the size of the pattern (D) modifies the capacitive behavior of the coating. Figure 4:7 a)  il-lustrates the measured microwave attenuation of the studied double glazing, composed of a first glass pane of grey glass with a thickness of 5 mm, a 12 mm air gap, and a second glass pane, 4 mm thick, either coated with a commercial low-e coating, uncoated (float glass) or with a laser structured coating. The pattern obtained by laser ablation is composed of paral-lel and perpendicular straight lines forming a grid, thus resulting in square patches of low-e coating. The spacing D between the lines in horizontal and vertical directions is identical and is varied from 2 mm to 40 mm. 

 
Figure 4:7   Measured attenuation in the mobile communication range (0.850-5 GHz) for the double glazing without 

coating (uncoated float glass), with full low-e coating and with laser structured low-e coatings in square grid pat-
terns (ablated lines width of w=37 ± 2 µm, spacing D from 2 mm to 40 mm, respectively 4 % to 0.2 % of ablated 

area). Reproduced from (Bouvard, 2017a). The window with a full low-e coating exhibits a strong attenuation of the microwaves (-25 dB to -32 dB) in the range of interest (850 MHz – 3 GHz). In contrast, the attenuation of mi-crowaves is very low for a double glazing composed of uncoated glass: less than -1.3 dB for frequencies below 3 GHz. For the laser-structured coatings, the microwave attenuation var-ies dramatically with the size of the pattern D. Nevertheless, the pattern with D = 40 mm, which represents a surface of ablated coating as small as 0.2 % already reduces the attenua-tion from -30 dB to -12 dB at 850 MHz. As the line spacing is decreased, the microwave at-tenuation is decreased: for the pattern with D = 4 mm, the attenuation is less than 5 dB be-tween 850 MHz and 3 GHz. The values obtained for the smallest spacing studied (D = 2 mm) are extremely close to the one of the substrate. The difference between the two samples is ranging from 0.2 dB to 0.6 dB below 3 GHz. By removing less than 4% of the coating, a transparency to microwaves close to that of uncoated glass is achieved. Furthermore, it is 
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important that the microwave attenuation remains low for a wide range of angles of inci-dence. Numerical simulations were performed at SUPSI in order to forecast the behavior of the double glazing window with and without the structured coating. It was shown that the angular dependent response is dominated by the behavior of the uncoated glass (Bouvard, 2017a). Therefore, the proposed window with structured coating is expected to perform nearly like an uncoated glazing for a large range of frequencies and even at high angles of incidence. 4.1.5.2 Alternative pattern The pattern made by laser ablation is barely visible when looking through the windows. However, in some cases such as strong reflection or strong backlighting, the pattern may appear. An interesting alternative to the square patch pattern might be the hexagonal patch pattern due to its advantageous perimeter to area ratio (Hales, 2001). However, this pattern does not feature uninterrupted straight lines, and would therefore imply a longer pro-cessing time and would require a higher precision level in high-speed and large-scale pro-duction. Another alternative pattern which could be easier to fabricate compared to the hexagonal pattern is a pattern made of equilateral triangle patches. A triangle pattern was obtained by engraving lines with an angle of 60° resulting in patches of equilateral triangles with a height of 6 mm: the ablated area is about 2 %. Figure 4:8 displays the attenuation as a func-tion of the frequency of a triangle pattern. Uncoated glass and low-e coated glass as well as the grid pattern with 4 mm (corresponding to 2% ablated area) are reproduced for compar-ison. 

 
Figure 4:8   a) Measured attenuation in the mobile communication range (0.850-5 GHz) for the double glazing with-

out coating (uncoated float glass), with full low-e coating and with laser structured low-e coatings in equilateral 
triangle patterns (ablated lines width of w=37 ± 2 µm, height of the triangle h= 6 mm, 2 % of ablated area) and 

square grid pattern (2 % of ablated area) b) photograph of the coating with the triangle pattern, even with a focus 
on the glass pane, the pattern can hardly be observed. Adapted from (Bouvard, 2017b).  
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Figure 4:8 a) shows that an attenuation lower than 3 dB between 0.85 and 3 GHz can be achieved with the 6 mm height triangle pattern. Expressed in relative terms, it means that 60% up to 85% of the signal is now transmitted by the low-e glass, whereas the fully coated glass (standard low-e), which presents a shielding effect larger than 30 dB, transmits only 0.1% of the signal. This result indicates that not only squares but also triangle patterns can be used. Figure 4:8 b) shows a photograph of the coated glass with a triangle pattern. This photograph was taken with a focus on the pattern, still not very visible. Thanks to the nar-row width of the ablated lines, the patterns are barely visible when looking through the window. The fabricated patterns (square and triangles) were simulated at SUPSI (Lanini, 2015). The simulated and experimentally determined attenuation showed good agreement. Other patterns were simulated and provided a similar band pass effect (Lanini, 2015). Therefore, custom patterns with conductive patches of different shapes could be envisaged. Numerical simulations should be used beforehand in order to assess their viability.  4.1.6 Discussion and perspectives A wide band pass is desired for compatibility with the future evolution of frequencies used for telecommunications; furthermore, the angular dependent transmittance is less critical for a wide band pass: the used grid and triangle patterns fulfil these conditions. The cut-off frequency f-3dB shall be high enough for todays’ and future mobile communication; this can be assured by making D sufficiently small. An upper limit for w can then be defined taking into account the desired ratio w/D: too small w can result in a decrease of  f-3dB, which is not desired. When w becomes comparable to the thickness of the conductive coating, an addi-tional capacitive effect can be expected, since the structure can then no longer be consid-ered as two-dimensional. Furthermore, the requirement of a low thermal emissivity implies that the surface of ablated coating shall be relatively small, and it defines an upper limit for w/D. Further practical limitations for w are given by the quality of the environment of the laser engraving setup (dust particles), and available lasers and optics. The range of lin-ewidths from 10 μm to 50 μm, in combination with millimetric line-to-line distances D, turned out to represent a reasonable compromise being compatible with all theoretical and practical boundary conditions.  The mechanical properties of the windows are designed to resist mechanical shocks and pressure variations and a treatment should not modify the durability of the substrate. Me-chanical resistance was tested by Burnier et al. (2017) using a coaxial double ring test set-up. Calculations were performed according to the Roark formula (Young, 2012). Tempered glass with full low-e coating was used as reference. It was shown that the mechanical prop-erties of the glass pane where the pattern was scribe before tempering were not modified. A small reduction of the maximum constrain was observed for the glass panes where the coat-
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ing was scribed after tempering. This suggests that the laser treatment has an effect on the mechanical properties when performed after tempering. Laser ablation produces a heat affected zone which might induce thermal stress in the glass. During tempering, compres-sive and tensile stresses are used to toughen the glass and make it crumble when it breaks which reduces the risk of injuries. This operation might release the stress due to a laser ab-lation performed with excessive power. The line width of ablated coating for the samples used for the mechanical test was 25 μm. This was obtained thanks to a better focus and a clean environment during laser ablation; however, the power was similar to the one used for the 40 μm line. Laser power and focus could then be adjusted to limit the extent of this heat affected zone. Therefore, we consider that with carefully chosen parameters, laser pro-cessing would not impact the mechanical properties of the glazing. The selected grid pattern with a linewidth of 10-40 microns has a negligible impact on the direct optical transmittance, thermal properties and the visual appearance of the glazing. This is a key parameter for this new structured coating to be used in replacement of a con-ventional window. As buildings and trains have a long lifetime, the materials used in their construction should withstand at least 25 years. Compared to these time scales, communi-cation technology evolves very rapidly. Repeaters used in trains and buildings consume energy. The typical power consumption of one repeater is in the order of several tens of kWh per day. In addition to that, they need to be replaced when the frequencies used for telecommunications change. A system to improve the propagation of microwaves which does not require electricity to operate is desirable. 4.1.6.1 Application in Swiss regional trains The patterned low-e coating was developed for regional Swiss trains in order to improve the thermal properties of the wagon without the need to install repeaters. Following this study, large scale prototypes were fabricated by the industrials partners AGC Verres Indus-triels Moutiers and Class4Laser to be installed in regional trains from the railway company BLS. A first train was equipped with the prototype windows and tested by SUPSI and Swisscom in real conditions (Burnier, 2017). The study revealed that the transmission of microwaves in the prototype train was similar to the one with uncoated windows. Figure 4:9 shows the BLS train equipped with the prototype windows. Looking through the win-dows, the pattern is indiscernible.  



Chapter 4 Conductive coatings 89
 

89 

 
Figure 4:9   Train from the BLS equipped with the newly developed coating. The pattern can only be seen with a 

strong lighting and focusing on the glazing.  It can be observed only under strong lighting and focusing on the glazing. Incidentally, the operators who installed the prototype windows did not notice a difference compared to the usual uncoated windows and no remarks were received from the customers. This low-e coating with high microwave transmission is a promising alternative to repeaters and has already been installed in 10 trains RABe 525 NINA from the BLS as of November 2017.  4.1.6.2 Towards application in the building sector This technology could be interesting for the building sector although a better understanding of wave penetration in large structures would be needed (Burnier, 2017; ITU-RM, 2015). Table 4:2 gives the shielding efficiency, or attenuation, of common building materials for three frequencies of interest for the mobile telecommunications: 900 MHz, 1800 MHz and 3 GHz. These results are extracted from the extensive study performed by the National Insti-tute of Standards and Technology (NIST) (Stone, 1997), a study by Asp et al. (2012) and published results from this work (Bouvard, 2017a; Bouvard, 2017b). The results displayed in Table 4:2 indicate that most non-metallic materials have a low attenuation (or shielding effect) to the transmission of the microwaves. Concrete alone presents a strong attenuation even when it is not reinforced with a metallic grid: this can be explained by its high density. For comparison, a masonry block of the same thickness (with hollow compartments) shows a 3 times lower attenuation. A comparison of a polyurethane insulation board with and without aluminum foil was performed by Asp et al. (2012): it clearly highlights the influence of the metallic foil on the shielding effect. The insulation board alone is almost transparent to microwaves while one with an aluminum foil shows attenuation levels close to those of 200 mm of concrete. The effect is comparable for uncoated glass compared to glass coated with a low emissivity -hence conductive- coating. Results from this work and from Asp et al. (2012) show that coated glass (one or two coated panes) has a strong attenuation, of the same order of magnitude as reinforced concrete or insulation board with a metallic foil.  



90 Thèse de doctorat Olivia Bouvard
 

90 

It can be observed that the thickness of the air gap in the windows has an influence on the attenuation of a double glazing due to the formation of constructive or destructive interfer-ences (Bouvard, 2017b). It can also explain the fact that double glazing can have a lower attenuation than single glazing. 
 

 
Material 

 
Source 

Shielding effect / dB 
900 MHz 1800 MHz 3 GHz 
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Plywood (dry) 19 mm (Stone, 1997) -0.7 -1.2 -0.9 
Lumber (dry) 114 mm (Stone, 1997) -2.8 -6.4 -13 
Brick 178 mm (Stone, 1997) -5 -7 -16 
Masonry block 203 mm (Stone, 1997) -8 -11 -15 
Concrete 203 mm (Stone, 1997) -23 -28 -47 
Reinforced concrete 203 mm 
+ metallic grid 70 mm 

(Stone, 1997) -30 -35 -53 
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Glass wool 100 mm (Asp, 2012) ~0 ~0 ~0 
Polyurethane insulation board 
100 mm 

(Asp, 2012) ~0 ~0 ~0 

Polyurethane insulation board with aluminium 
100 mm 

(Asp, 2012) -23 -34 -35 

Gl
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Glass pane 6 mm (Stone, 1997) -0.8 -1.3 -1.9 
Double glazing 
4 mm/air 12 mm/5mm 

(Bouvard, 2017a) -0.8 -1.1 -1.2 

Double glazing with commercial low-e 
4 mm coated/air 12 mm/5mm 

(Bouvard, 2017a) -30.6 -26.8 -27 

Double glazing with 2 coated glass (Asp, 2012) -23 -30 -36 

Gl
az

in
g 

w
ith

  
pa

tt
er

ne
d 

lo
w

-e
 

Double glazing with square pattern (4 %) low-e coating 
4 mm coated/air 12 mm/5mm (measured) 

(Bouvard, 2017a) -1.3 -1.3 -1.9 

Double glazing with triangle pattern (2 %) low-e coating 
4 mm coated/air 12 mm/5mm (measured/simulated) 

(Bouvard, 2017b) -2.0/-2.0 -2.3/-2.2 -4.0/-3.9 

Double glazing with triangle pattern (2 %) low-e coating 
4 mm coated/air 8 mm/5mm (simulated) 

(Bouvard, 2017b) -2.1 -3.2 -1.5 

Double glazing with triangle pattern (2 %) low-e coating 
4 mm coated/air 16 mm/5mm (simulated) 

(Bouvard, 2017b) -1.8 -1.4 -7.1 

Table 4:2 Comparison of the attenuation of common building materials and patterned low-e coating. Reproduced 
from (Bouvard, 2017b). Figure 4:10 presents some of the data given in Table 4:2 in a graphical way. Modern build-ings, especially in the service sector, are often highly glazed and with a structure in rein-forced concrete. Furthermore, in order to increase the thermal energy efficiency, insulation board often contain a metallic foil and the thermal transmittance required for glazing im-plies the use of low-e coatings. As highlighted in Figure 4:10 and Table 4:2, these construc-tion materials attenuate strongly the transmission of microwaves. The microwave propaga-tion is not a factor taken into account in the design of a building and poor network recep-tion can occur. It might be difficult for the inhabitants or the users of a building to know why network quality is so low in the new building, the only solution available today being to install an amplifier inside. We hope that this newly developed coating can provide an alter-native to repeaters for future buildings.  
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Figure 4:10   Illustration of the attenuation of some common building materials and patterned low-e coating pre-

sented in Table 4:2. For patterned low-e, the indicated percentage corresponds to the ablated area. Metallic layers 
greatly increase the attenuation to microwaves. Patterned coating can reach levels of attenuation nearly as low as 

uncoated glass. 
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4.2 Indium tin oxide electrodes for electrochromic devices Transparent electrodes are required to transport charges in order to modulate the optical properties of electrochromic materials. Despite the price and scarcity of indium, indium tin oxide (ITO) is still commonly used as it presents the best compromise of high optical trans-parency and high electrical conductivity (Zhang, 2016). Alternatives to ITO are being devel-oped in numerous research department and industries worldwide (Ghaffarzadeh, 2018; Cao, 

2014; Ellmer, 2012; Granqvist, 2007). Since the main focus of this work was on the solid state device more than on the transparent electrode itself, ITO was used as a transparent elec-trode for the electrochromic devices of this study. Glass slides pre-coated with ITO of differ-ent sheet resistivities were studied and used as substrate. A second ITO coating made by sputtering was needed for the top layer of the solid state electrochromic devices. Usually, ITO is deposited at high temperature (e.g. above 200°C). However, in the case were ITO has to be deposited on a multilayer stack, heating might cause unwanted diffusion or crystallini-ty modifications in the stack materials. Furthermore, in a large-scale coater, it is difficult to obtain a homogeneous distribution of the temperature on the glass pane. Therefore, it is important to achieve good electrical and optical properties without using substrate heating: sputtering targets of In2O3/SnO2 ceramic alloy (90/10 wt%) were used. ITO coatings were deposited by magnetron sputtering and their optical and electrical prop-erties were evaluated.  4.2.1 Characterization of commercial ITO substrates ITO substrates from Delta Technologies were used as substrates for depositions of electro-chromic oxides; their optical and electrical properties were characterized. Figure 4:11 dis-plays the spectral transmittance of four commercial ITO in the solar spectrum range; they all exhibit a large transmission in the visible range. The transmission in the near infrared range is related to their sheet resistivity. The sample with the lowest sheet resistivity (9-15 Ω/sq) has the lowest transmittance in the near infrared. When the carrier concentration increases (e.g. the resistivity decreases) the plasmon frequency increases and therefore its cut-off wavelength decreases (Brewer, 2002). The solar transmittance is therefore limited by the carrier concentration of the ITO (see Chapter 2). 
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Figure 4:11   Spectral transmittance of commercial ITO with various sheet resistivities. When the sheet resistance 

decreases e.g. the carrier concentration and mobility increases, the cut-off frequency and thus the transmittance in 
the near-infrared decreases. Table 4:3 indicates the labelled and measured sheet resistivity along with the solar and vis-ible transmittance. The sheet resistivity was measured in a square configuration according to the van der Paw method (see Chapter 3). 

Sample 

Labelled sheet 
resistivity 
Rsl / Ω/sq 

Measured sheet 
resistivity 
Rsm / Ω/sq 

Solar transmit-
tance 
τe / % 

Visible transmit-
tance 
τv / % 

X174 9-15 10.8 80 87 
X190 15-30 20.8 81 82 
X307 30-60 48.2 85 87 
X306 50-80 62.0 84 86 

Table 4:3 Optical and electrical properties of various commercial ITO.  The measured values are in agreement with the range indicated by the manufacturer. The solar and visible transmittances were calculated from the transmittance spectra as de-scribed in Chapter 3: they are ranging from 80 to 85 % and from 82 to 87 % respectively. Such high values are desirable for applications in glazing. 4.2.2 Study of ITO coatings deposited at room temperature 4.2.2.1 Deposition of ITO coatings by bipolar-pulse magnetron sputtering In order to obtain the deposition parameters for the ITO layer needed on top of the electro-chromic device, ITO coatings were first deposited on glass slides from In2O3/SnO2 targets. The deposition parameters were varied until their optical and electrical properties were suitable; all depositions were performed at room temperature. As a starting point, parame-ters based on those of Hwang et al. (2003) were employed; they used bipolar-pulsed mag-netron sputtering at relatively low temperatures. For these depositions, the frequency used was 50 kHz with τOFF = 2016 ns which gives a duty cycle of 90 %. Figure 4:12 shows the 
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spectral transmittance in the solar range of three samples deposited by bipolar-pulsed sput-tering. The corresponding solar and visible transmittances are reported in Table 4:4 along with their resistivity.  

 
Figure 4:12   Spectral transmittance of ITO coatings deposited by bipolar-pulsed magnetron sputtering. Sample C 

exhibits a high transmittance in the visible and near-infrared ranges. As suggested by the low transmittance in the blue part of the spectrum, the sample A has a brown color and was therefore not suited for the application. The sample B has a better vis-ible transmittance however the sheet resistivity is too high. The sample C has a reasonable sheet resistivity of about 76 Ω/sq and excellent optical properties (τe=80.8 and τv= 85.0 %). The deposition parameters of this sample are an argon to oxygen ratio of 6.35 %, an applied power of 3.2 W/cm2, a pressure during deposition of 2.4∙10-3 mbar and a deposition time of 20 min: they were then used for some of the first solid state EC devices.  
Sample 

Thickness 
d / nm 

Measured 
resistivity 
Rm / Ω.cm 

Measured 
sheet resistivi-

ty 
Rsm / Ω/sq 

Solar transmit-
tance 
τe / % 

Visible transmit-
tance 
τv / % 

A - O80323 230 3.2∙10-3 138.7 59.7 54.1 
B - O80326-1 60 3.5∙10-3 582.0 71.8 67.3 
C - O80326-2 120 9.1∙10-4 76.1 80.8 85.0 
Table 4:4 Optical and electrical properties of ITO deposited by MF magnetron sputtering. *Thicknesses were de-

termined by ellipsometry except for O80326-2 which was calculated according to the deposition rate. However, after few depositions, frequent arcing occurred: this may be due to an oxidation of the target or the formation of an insulating oxide due to the different sputter yields of In and Sn. Many flakes were present on the ITO sputtering target preventing to start the plas-ma. Further investigations on ITO were performed using radiofrequency (RF) power supply to reduce the thermal stress in the target. 
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4.2.2.2 Deposition of ITO coatings by radio-frequency magnetron sputtering RF sputtering is commonly used for insulating or ceramic targets and was used in this study to deposit ITO films: the sputtering target has the stoichiometry of the desired ITO (In2O3 90 wt.%:SnO2 10 wt.%). However, if no oxygen is added to the plasma, there is an oxygen deficiency in the final film leading to poor optical properties. Depositions were performed varying the oxygen ratio until sound optical and electrical properties were achieved. The deposition parameters are described in Table 4:5. 
Sample RF Power / W

Working pres-
sure / mbar 

Deposition time 
/ min O2/Ar ratio 

D - O80405 75 3.6∙10-3 60 4.0 % 
E - O80411 75 3.6∙10-3 45 2.4 % 
F - O80417 75 3.6∙10-3 45 1.6 % 

Table 4:5 Main deposition parameters of three samples deposited by RF sputtering. Figure 4:13 shows the spectral transmittance in the solar range of three samples deposited by RF sputtering. The corresponding solar and visible transmittances are reported in Table 4:6 along with their resistivity.  

 
Figure 4:13   Spectral transmittance of ITO coatings deposited by RF magnetron sputtering.  The thickness of the samples was determined by ellipsometry using a Cauchy dispersion law in the transparent region (450-900 nm) and is shown in Table 4:6. The deposition rate is about 3.6 nm/min for the three samples. Sample D is thicker due to a longer deposition time. The resistivity in Ω.cm is independent of the thickness. Sample D was deposited with an oxygen to argon ratio of 4 % and exhibits a much higher resistivity compared to samples E and F which were deposited with an oxygen to argon ratio of 2.4 and 1.6 %, respectively.  



96 Thèse de doctorat Olivia Bouvard
 

96 

Sample 
Thickness 

d / nm 

Measured 
resistivity 
Rm / Ω.cm 

Measured sheet 
resistivity 
Rsm / Ω/sq 

Solar trans-
mittance 
τe / % 

Visible 
transmittance

τv / % 
D - O80405 220 1.4∙10-2 647.5 78 78 
E - O80411 160 7.1∙10-4 43.8 81 83 
F - O80417 160 5.1∙10-4 31.9 81 82 

Table 4:6 Optical and electrical properties of ITO deposited by MF magnetron sputtering. Sample C, deposited by DC bipolar-pulse magnetron sputtering, exhibit similar transmit-tance than sample E and F, however, the resistivity of this sample is lower. RF magnetron sputtering usually gives rise to ITO thin films with better electrooptical properties; howev-er, the deposition rate of RF is considerably lower than for DC (Lippens, 2012). Commercial ITO used as substrates for electrochromic devices exhibit a sheet resistivity ranging from 20 to 50 Ω/sq. Samples deposited in the laboratory without substrate heating should be in this range too. Sample F has a sheet resistivity of about 32 Ω/sq and is therefore suitable to be used as a top electrode. State of the art commercial ITO coatings show a resistivity in the order of 1–2∙10–4 Ω.cm (Ellmer, 2012) but these coatings are usually deposited at high tem-peratures (above 200°C). Hence, the resistivity of 5.1∙10–4 Ω.cm obtained for a sample de-posited at room temperature (Sample F) is satisfactory. For comparison, David et al. (2017) obtained resistivities of 8 to 11∙10-4 Ω.cm for ITO coating deposited at room temperature by DC pulsed magnetron sputtering.  4.2.3 Structural properties of ITO coatings In order to compare the ITO coatings bought from an industrial supplier and the one made in our laboratory, X-ray diffraction measurements were performed. Figure 4:14 shows the XRD patterns of two commercial ITO coatings and two samples deposited by magnetron sputtering in our laboratory. The commercial ITO coatings exhibit diffraction peaks at around 2θ = 21.2°, 30.3°, 35.2°, 50.7°, and 60.3°; they were assigned to the (211), (222), (400), (444), and (622) planes respectively, which are typical of a ITO cubic structure. For the sample X174 which has a labelled sheet resistance of 9-15 Ω/sq, the two main orienta-tion are (222) and (400), with similar count intensity. For the sample X307, labelled 30-60 Ω/sq, the main orientation is (222) with an intensity around 2.5 times larger than the (400) peak. High temperature deposition is known to enhance crystallinity; therefore the diffrac-tion patterns of the commercial ITO coatings confirm the assumption of a deposition at high temperature. The samples made in the laboratory were deposited with no substrate heating. Their dif-fraction patterns do not display sharp peaks: this suggests an amorphous or nanocrystalline structure. The large bump situated around 32° is about 3.7° wide at half intensity for sam-
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ple F. According to the Scherrer formula (see Chapter 3), it means that the majority of the crystalline grains are smaller than 2.2 nm. 

 
Figure 4:14   XRD patterns of commercial ITO coatings and sample deposited by MF and RF magnetron sputtering.  

Commercial coatings are crystalline while samples deposited at room temperature are amorphous. Table 4:7 displays the measured sheet resistivity Rsm, the energetic transmittance τe and the visible transmittance τv of five samples, whose XRD pattern are shown in Figure 4:14, in-cluding an additional commercial sample (X190) also used in some electrochromic devices. The sample F made by RF sputtering at room temperature, despite not being crystalline, exhibit a sheet resistivity in the same range than the commercial samples (X190 and X307) and high visible and energetic transmittance (similar to X190).  
Sample Rsm / Ω/sq τe / % τv / % 

X174 - 9-15 Ω/sq 10.8 80 87 
X190 - 15-30 Ω/sq 20.8 81 82 
X307 - 30-60 Ω/sq 48.2 85 87 
B - O80326-1 582.0 72 67 
F - O80417 31.9 81 82 

Table 4:7 Optical and electrical properties of commercial ITO coatings and sample deposited by MF and RF magne-
tron sputtering.  4.2.4 Discussion and perspectives ITO coatings are usually deposited at elevated temperature to obtain a better crystalliza-tion. Commercial ITO coated glass substrates were most probably deposited at temperature above 200°C or were annealed. This kind of ITO coating was used mostly as a bottom elec-trode, except in liquid state device were the anodic and cathodic electrochromic layers were each deposited on a commercial ITO coated glass. The effect of the sheet resistivity of the ITO layer on the switching properties of electrochromic devices was investigated and is de-tailed in Chapter 5 and 7.  
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In this study, the use of high temperature was not adequate for the top electrode because the ITO films are to be deposited on top of four other layers: heating could damage and/or modify the crystallinity of the underlying layers. Furthermore, coaters used in the glazing industry are large (up 3 m x 6 m), heating the glass homogeneously is challenging and ener-gy intensive. Therefore, deposition parameters to obtain an ITO with satisfactory properties without heating the substrate are needed: bipolar-pulse and radio-frequency sputtering were used for that purpose. It was found that bipolar-pulse was causing arcing on the ITO target, resulting in short circuit which prevents starting the plasma. The pulse frequency, the off time and the duty cycle could maybe be adapted to prevent this. Another option gen-erally used for non-conductive target was the use of a 13.56 MHz RF power supply. Deposi-tions parameters appropriate to obtain an appropriate sheet resistivity were found. A resis-tivity 5.1∙10–4 Ω.cm was obtained which is comparable to state-of-the-art ZnO films and not far from the performances of commercial ITO films (Ellmer, 2012). For the thickness used in this study, it represents a sheet resistivity of 32 Ω/sq which is comparable to the com-mercial ITO coatings used as substrates.  Argon to oxygen ratio in the plasma proved to be of importance to obtain an ITO coating with high optical transmittance and low resistivity. Even if the target has the optimum stoi-chiometry (In2O3/SnO2 90/10 wt%), if no oxygen is added to the argon plasma, the result-ing film is too dark and display a brownish color. An optimum ratio of 1.6 % of oxygen ver-sus argon was found to provide the required optical and electrical properties. This ratio depends on the pressure during the deposition (3.6∙10-3 mbar) and the power applied to the target (3.7 W/cm2). If these parameters were to be varied, the oxygen ratio should be adapted.  These experiments show that it is possible to obtain ITO coatings with satisfactory electrical and optical properties without heating the substrate or proceed to an annealing. These coatings are well appropriate for use as a top electrode and were used for solid-state elec-trochromic devices.  As detailed in Chapter 1, research on transparent conductors is an active field and many indium-free alternatives are investigated. Indium-free electrochromic devices were fabri-cated e.g. by Li et al. and Koubli et al.  (Li, 2015; Koubli, 2015) using WO3/Ag/WO3 stacks where the WO3 layers serve both as an electrochromic material and electrode. One could imagine using pyrolytic FTO coated glass as a substrate and a dielectric/Ag/dielectric stack, as a top electrode, to use materials which are well known in the glass industry.  
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 Electrochromic oxides Chapter 5 In this chapter, the two main layers of an electrochromic device are studied, e.g. the cathodic and anodic electrochromic oxides. Tungsten trioxide was considered first to be used as the cathodic oxide. More specifically, the influence of the deposition parameters, such as the oxygen to argon mass flow ratio and the working pressure, on the stoichiometry and the morphology was studied. The effect on the electronic and optical properties was investigated. The motivation was to determine if nanoporosity have a positive impact on the switching dynamics and contrast of the electrochromic film. Nickel oxide compounds were studied to be used as an anodic electrochromic oxide. The aim was to see if doping can improve the optical properties of the film as well as the ease of manufacturing. Finally, the two layers were assembled with a liquid electrolyte to form a device. This initial test with a liquid electrolyte serves as a preliminary experiment before testing solid-state devices. The optical properties were recorded while the device was colored and bleached upon interca-lation and de-intercalation of lithium ions initially contained in the liquid electrolyte. These experiments were conducted to get a better understanding of the limiting factor in the switching dynamics. 
 5.1 Cathodic electrochromic oxides based on tungsten trioxide  In sputtering deposition, the working pressure is known to have a strong influence on the morphology. Its effects on the optical and electronic as well as the switching behavior of tungsten trioxide were analyzed and are presented in the following sections. 5.1.1 Influence of the chemical composition on the electronic prop-erties 
Some parts of the text and images below are reproduced from : Bouvard, O., Krammer, A., Schüler, A., 
2016. In situ core-level and valence-band photoelectron spectroscopy of reactively sputtered tungsten 
oxide films: In situ XPS and UPS study of reactively sputtered tungsten oxide films. Surface and Interface 
Analysis. https://doi.org/10.1002/sia.5927 The effect of modifying the total working pressure on the chemical composition and the electronic properties of the film were studied. XPS is used to determine the stoichiometry of 
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the films and to detect the oxidation state of tungsten. Furthermore, we use UV photoelec-tron spectroscopy to observe the influence of the oxidation state of tungsten on the density of state of the valence band below the Fermi edge, where contribution of tungsten in a re-duced oxidation state is expected.  During deposition, the O2/Ar mass flow ratio was kept at O2/Ar = 0.48, while the total pres-sure of the chamber was varied. Three samples were deposited, the total working pressure used was: 2.4∙10-2 mbar for sample 1, 3.1∙10-3 mbar for sample 2 and 2.4∙10-3 mbar for sam-ple 3. The deposited tungsten oxide samples were studied by XPS, the corresponding spec-tra being shown in Figure 5:1. 

 
Figure 5:1   a) XPS survey spectra of the three samples b) Core level spectra of W 4f doublet. c) Core level spectra of 

O 1s peak. The peak position of W 4f7/2, W 4f5/2 and O 1s are from Ho (1987) and Naumkin (2012). The survey spectra are shown in Figure 5:1 a), the legend refering to the stoichiometry of the samples given in Table 5:1. The Auger peaks of WNNN and OKLL and the core-level peaks of O 1s, W 4p, W 4d and W 4f can be observed. Thanks to the in situ transfer, external con-tamination is very limited, the carbon peak C 1s is not observed. Sputtering by argon ion is therefore not necessary and the surface can be observed as deposited. This is advantageous 
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because it was shown that argon ion sputtering can lead to a reduction of tungsten and would modify the obtained spectra (Xie, 2012).  Figure 5:1 b) shows the core level spectrum of W 4f: it can be observed that the three sam-ples exhibit spectra of the W 4f peak with different shapes. For the three spectra, the small and broad feature visible at 41 eV is attributed to the contribution of W 5p3/2 (Bussolotti, 2003). Sample 1, deposited at high working pressure, shows a well-resolved doublet peak due to W 4f7/2 and 4f5/2 orbitals. The position of the peak W 4f7/2 is positioned at approxima-tively 35.4 eV and the doublet separation is ΔEB= 2.1 eV, which is in agreement with the lit-erature (Ho, 1987; Naumkin, 2012). Sample 2, deposited at a lower working pressure, pre-sents a broad shape for the W 4f doublet. The two peaks W 4f5/2 and W 4f7/2 are positioned at approximatively 37.8 eV and 35.8 eV respectively. At approximately 34 eV, a small shoul-der can be seen. Sample 3, deposited at the lowest working pressure of this study, displays a complex shape of the W 4f peak. The position of the maximum of this broad peak, which seems to be a superposition of different features, is located at 35.8 eV. The shoulder around 34 eV is more marked than in sample 2. Figure 5:1 c) shows the spectrum of the O 1s peak: the line indicates the position 530.5 eV (Naumkin, 2012). A very slight shift towards higher binding energy can be observed from sample 1 to sample 3. In addition, the O 1s peak of sample 2 and 3 is slightly asymmetric with a tail towards higher energy.  Furthermore, XPS provides information on the chemical composition of the studied films. The element concentrations are determined by integration over the W 4f and O 1s core-level signals after subtraction of a Shirley background (Shirley, 1972). The obtained atomic concentrations are displayed in Table 5:1. Sample 1, deposited at a higher working pres-sure, contains more oxygen than the other samples. Thus, it can be observed that the oxy-gen content of the films is strongly affected by changing the total working pressure of the chamber.  
Sample Working pressure O / at. % W / at. % O:W at. ratio 

1 2,4.10-2 mbar 74.1 25.9 2.9 

2 3,1.10-3 mbar 72.9 27.1 2.7 

3 2,4.10-3 mbar 71.8 28.2 2.5 

Table 5:1 Chemical composition obtained from integration of O 1s and W 4f core level peaks. It was observed that only sample 1 is transparent; the samples 2 and 3 show a dark blue coloration. Similarly to the samples in section 5.1.2, the measurement of the optical trans-
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mittance reveals that this dark blue coloration is similar to the one obtained upon insertion of lithium.  For a better understanding of the complex shapes of the W4f peaks, a deconvolution based on a Shirley background and void profiles with Gaussian and Laurentzian contributions was performed using CasaXPS software. The contributions from the three oxidation states are illustrated in Figure 5:2. The relative intensity used for the peak area ratios of the spin-orbit doublets was set to 3:4 for the W4f5/2:W4f7/2 ratio (Ho, 1987). In the spectrum of each sam-ple, three peak components have been identified for each oxidation state of W, these com-ponents correspond to the two peaks of the doublet W4f and the peak from W5p3/2.  

 
Figure 5:2   Deconvolution of the W4f doublet. Experimental data is shown with open circle. A Shirley background 
has been used and is represented by the dash-dot line. Contributions of the Wf7/2 and W4f5/2 peaks are shown in 

dark grey. Contributions of the W5p3/2 peaks are displayed in light grey. Oxygen vacancies induce a reduction of the 
oxidation state of the tungsten atoms.  In sample 1, the shape of the spectrum reveals a well resolved doublet of the W 4f peak, it is attributed to the doublet W4f of stoichiometric WO3 (W6+). The small feature around 41 eV is attributed to the W5p3/2 core level. The peak position of the W4f7/2 core level peak was found at 34.4 eV and the W4f doublet separation is 2.1 eV which is in accordance with the literature (Ho, 1987). For sample 1, the Full Width at Half Maximum (FWHM) of the W4f5/2 and the W4f7/2 peak was found to be similar. It was fixed as a constraint for sample 2 and 3 to have identical FWHM for the two peaks of a same doublet.  
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For sample 2, the measured data presents a broader spectrum. The peak fitting shows the contribution of the doublet and W5p3/2 for two oxidation state of tungsten: W6+ and W5+. The W4f7/25+ peak is located at approximately 34.1 eV which is close to values found in lit-erature (Romanyuk, 2006).  The core level spectrum obtained from sample 3 has a broad and complex shape in which the W4f doublet cannot be distinguished. This feature can be explained by the superposi-tion of the W4f doublets and the W5p3/2 peak of three oxidation states of tungsten: W6+ and W5+ and a small contribution of W4+. The peak positions of the three W4f7/2 peaks are found to be 35.7 eV for W6+, 34.1 eV for W5+and 33.1 eV for W4+. The W 4f7/2 peak of the W4+ oxida-tion state is usually positioned at 32.9 eV (Naumkin, 2012). Studies suggest that the W4+ oxidation state can only be found in tungsten oxides films with an O:W ratio smaller than 2.6 (Niklasson, 2004; Stolze, 2002). In our case, sample 3 has an O:W ratio of 2.5 and there-fore the presence of the W4+ oxidation state can be envisaged. The O 1s peak is symmetric for sample 1 (near-stoichiometric tungsten trioxide), which is expected for dielectric films. However, sample 2 and sample 3 show a slight asymmetry with a tail towards the higher binding energies. This feature was already observed in other studies (Romanyuk, 2006) and might be due to oxygen atoms in a not fully oxidized local environment due to the sub-stoichiometric tungsten oxide. From XPS measurements, it was possible to determine the stoichiometry of the samples directly after sputter deposition. The O:W ratio of the three samples was found to be ap-proximately 2.9, 2.7 and 2.5 for sample 1, 2 and 3 respectively. The first sample is therefore a near-stoichiometric tungsten trioxide and sample 2 and 3 are oxygen poor WO3-x with 0.3 ≤ x ≤ 0.5. From a visual appearance, sample 1 is clear transparent, while sample 2 and 3 are dark blue. Bondarenko (2015) showed that defects such as oxygen vacancies can give rise to coloration in tungsten oxide.  UV photoelectron spectroscopy provides further information on the density of states of the valence band of the materials. Figure 5:3 shows the valence band spectra of the investigated tungsten oxides obtained by UV photoelectron spectroscopy (Helium discharge lamp, hν = 21.22 eV).  
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Figure 5:3   He I valence-band spectra obtained from the WO2.5, WO2.7 and WO2.9 films. Inset, zoom into the region 

of the Fermi level. States in the vicinity of the Fermi level appear when tungsten is reduced. For the three samples, a broad maximum can be observed at approximately 4 eV. In addi-tion, a slight feature can be observed at 6 eV and a smaller broad feature around 2 eV. The feature at approximately 6 eV is assigned to a hybridized W 5d-O 2p band (Höchst, 1982; Du, 2014)  and the main feature at 4 eV is assigned to the O 2p derived band (Höchst, 1982; Du, 2014). The small feature at 2 eV can be attributed to an adsorbed oxygen layer on the top of the sample (Höchst, 1982; Bringans, 1981). The inset details the part of the spectra close to the Fermi edge. It can be observed that sample 2 and 3 (WO2.7 and WO2.5), deposited at low pressure, present a peak at around 0.5 eV which is not present in sample 1, containing more oxygen. The broad peak around 2 eV increases also for sample 3: these features are indicative of new occupied states forming inside the band gap (Vasilopoulou, 2014). These bands are attributed to the occupation of W 5d orbitals with t2g symmetry in the reduced tungsten oxides (Goodenough, 1960; 1971). In the oxygen-deficient tungsten oxide (WO3−x), a portion of the electrons coming from the oxygen vacancies (maximum two electrons per oxygen vacancy) is transferred to this ini-tially empty 5dt2g (π* in the Goodenough's model) metallic orbitals, which are located par-tially at the edge of the conduction band and partially within the band gap, near the Fermi level (Vasilopoulou, 2014; Goodenough, 1971). The results obtained by XPS and UPS are in agreement with the color of the films deposited on glass. Their dark blue color is an additional evidence of the presence of W5+. Therefore, the total working pressure in the deposition chamber has a strong influence on the sample stoichiometry. This is explained by the fact that a sputtered atom of tungsten has more probability to enter in contact with an oxygen atom, the mean free path of the sputtered W atom in the plasma being shorter. In situ XPS allows for a quick feedback loop on the deposition parameters and helps to de-fine the ones suitable to reach the desired stoichiometry. In addition, it outlines the differ-



Chapter 5 Electrochromic oxides 105
 

105 

ent oxidation states existing in the samples. UPS yields additional information on the densi-ty of states of the studied materials and can therefore provide evidence of the presence of an oxidation state. Here, the valence band spectra near the Fermi edge confirm the presence of W5+ as observed by XPS. visual aspect, UPS and XPS are thus in agreement. More details on the optical properties are given in the following section. 5.1.2 Influence of the chemical composition on optical properties 
Some parts of the text and images below are reproduced from : Bouvard, O., Gonzalez Lazo M.A., 
Krammer, A., Schüler, A., 2015. In situ photoelectron spectroscopy: a powerful tool to develop electro-
chromic materials. EPFL (Lausanne). https://doi.org/10.5075/epfl-cisbat2015-33-38  Tungsten oxide coatings were deposited by reactive magnetron sputtering varying different process parameters. The effect of the total working pressure on the oxygen content was investigated and the oxygen/argon mass flow ratio was adjusted to obtain tungsten triox-ide. The modifications’ consequences of the total pressure and oxygen to argon mass flow ratio (O2/Ar) were investigated. Table 5:2 shows the process parameters used for the depo-sition of the tungsten oxide films.  

 Sample A’ Sample B’ Sample C’ 

Applied power DC-p 150 W DC-p 150 W DC-p 150 W 

Substrate glass glass glass 
Ratio O2/Ar 0.48 0.48 0.61 

Working pressure 3,1.10-3 mbar 
(low working pressure) 

2,4.10-2 mbar
(high working pressure) 

2,8.10-2 mbar 
(high working pressure) 

Table 5:2 Deposition parameters The oxygen to argon mass flow ratio, as well as the power applied on the target, were main-tained constant for sample A’ and B’. Subsequently, a sample with higher O2/Ar ratio was deposited (sample C’) to observe the impact on the transmittance. 
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a)   b)   c)  
Figure 5:4   a) and b) Pictures of samples A’ and B’ WO3/glass as deposited. c) Measured total transmittance of the 
two samples in the visible range. Light transmittance τv determined according to EN410 is also indicated. The sam-

ple deposited at low working pressure is under-stoichiometric and has a dark blue color. It can be observed in Figure 5:4 a) and c) that the sample deposited at low working pres-sure (sample A’) shows a very dark blue tint and a visible transmittance of only 1 %. With the same mass flow of reactive gas, sample B’ is transparent and its visible transmittance reaches 87 % as illustrated in Figure 5:4 b) and c); for comparison, the ITO-coated glass substrate alone has a visible transmittance of 88 %.  Sample C was deposited with a higher O2/Ar ratio as well as at a high working pressure. Figure 5:5 a) displays the clear as-deposited state. Figure 5:5 b) shows the dark state ob-tained after lithium intercalation in Li-PC by applying a voltage of 2.5 V. The visible trans-mittance in the clear state is similar to the one obtained for sample B’. The slight difference can be explained by a difference in thickness; the latter can also be observed by comparing the number of interference fringes. A thicker sample was found to yield better results in terms of electrochromism. The visible transmittance in the dark state is reduced to 13 % and presents the distinctive blue color of tungsten trioxide. 

a)   b)   c)  
Figure 5:5   a) and b) Photograph of the sample C’ in clear and dark states. c) Measured total transmittance and 

visible transmittance of the two states of sample C’ in the visible range. For comparison, sample A’ with an adapted 
scale is also shown. The blue tint due to lithiation and under-stoichiometry is similar. 
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The working pressure during deposition is known to influence the morphology of a film (Granqvist, 2014); higher working pressures are commonly used in order to get a porous film. However, the working pressure also has an impact on the stoichiometry of the film for a given O2/Ar mass flow ratio. At higher pressure, the mean free path of sputtered tungsten atoms is shorter: the probability of collisions between tungsten and oxygen or argon atoms is higher. Therefore, a larger number of tungsten atoms are oxidized compared to the case of a deposition with a low working pressure. Upon lithium intercalation, the clear tungsten trioxide becomes blue until reaching the dark blue final color depicted in this Figure 5:5 b). The visible transmittance coefficient is higher for the electrochromic sample in the dark state (C’) comparing to the sample with low oxy-gen content (A’). However, their visible transmittance spectrum is similar when normalized as shown in Figure 5:5 c). This observation suggests that lithium intercalation leads to a similar effect than low oxygen content in the film and are consistent with the electronic structure observed by XPS and UPS. 5.1.3 Influence of the morphology on the switching contrast and dy-namics  The modification of the working pressure during deposition can alter the stoichiometry, the optical properties and the electronic properties of tungsten trioxide if the oxygen to argon ratio is not modified. Varying the working pressure is in addition expected to influence the morphology and porosity of the film. If the working pressure is increased, the sputtered atoms undergo more collisions and therefore reach the substrate with less energy. Two samples were deposited at high and low working pressure: the main deposition parameters can be found in Table 5:3. The oxygen to argon ratio was increased in the sample deposited at low working pressure in order to obtain the appropriate stoichiometry. 
 Sample A 

O60811 
Sample B 
O60812 

Applied power DC-p 150 W DC-p 150 W 

Substrate glass and Si glass and Si 
Deposition time 90 min 90 min 
Ar / sccm 9.7 12.5 
O2/ sccm 9.9 8.3 
Ratio O2/Ar 1,02 0,67 

Working pressure 5,5.10-3 mbar
(low working pressure) 

3,2.10-2 mbar
(high working pressure) 

Table 5:3 Deposition parameters  
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Since sub-stoichiometric tungsten oxide exhibit a blue color, the oxygen level in the plasma was increased until the obtained sample was transparent. Figure 5:6 display the spectral transmittance and reflectance of the sample A and B deposited on ITO coated glass at low and high working pressure respectively. 

 
Figure 5:6   Optical transmittance and reflectance of WO3/glass a) sample A and b) sample B. Both samples are 

transparent with negligible absorption. It can be observed that both samples are transparent; therefore, they are expected to be close to stoichiometric tungsten trioxide. The deposition time was kept constant for the two samples; however, the deposition rate is faster when the working pressure is lower. The number of ripples is higher for sample A, indicating a larger thickness. Furthermore, no haze was visible indicating that the pores induced by the process parameters are small. When pores are larger than the wavelength of light, diffusion occurs and the films show a visible haze. Sample A and B were also deposited on silicon to be studied by ellipsometry. They were measured at four angles of incidence: 60°, 65°, 70° and 75°. Since they are transparent in the visible range, a Cauchy dispersion law could be used to fit the ellipsometric data and to obtain the refractive index, as a function of wavelength. The measured data and the values generated using the refractive index and thickness determined by fitting the data on a Cau-chy dispersion law are displayed in Figure 5:7. A reasonable fit could be obtained between the measured and generated values of tan(Ψ) and cos(Δ). R2 was above 0.97 and the root mean square error (RMSE) was below 0.03 for both samples. Profilometry was performed on the samples to have a reasonable initial guess of the thickness of the samples. 
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Figure 5:7   Ellipsometric data, tan(Ψ) and cos(Δ), measured in solid line and generated from the fitted thicknesses 

and refractive index in dashed line. The thickness determined by ellipsometry is 744 nm for sample A and 403 nm for sample B. The refractive index determined by ellipsometry in the 400 to 900 nm region for sample A and B is shown in Figure 5:8. As expected, the refractive index decreases when the working pressure during deposition is increased.  

 
Figure 5:8   Refractive index of the samples A and B deposited at low and high working pressure (WP)  determined 

by ellipsometry using a Cauchy dispersion law. 
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The Bruggeman theory (Bruggeman, 1935) can be used to model the optical properties of an inhomogeneous media consisting of two materials with known optical properties. This theory is limited to the case where the particle size is much smaller than the considered wavelength: it can be applied here for void particles in a WO3 matrix. Since the samples ex-hibit no haze, the voids are smaller than the wavelength of visible light and this theory can be used. The volume fraction, fα, can be evaluated from the Bruggeman theory using eq. (28) to compare different samples (Bruggeman, 1935; Schüler, 2000). 
fఈ ⋅ εఈ − εாிிεఈ + 2εாிி +(1 − fఈ) ⋅ εఉ − εாிிεఉ + 2εாிி = 0 (28) where fα is the volume fraction of the material α (in vol.%), εα is the complex dielectric func-tion of material α, εβ is the complex dielectric function of material β and εEFF is the complex dielectric function of the effective medium.  Material α is a dense and amorphous WO3 whose optical properties were described in detail by Deb (1973); material β is air with a refractive index of 1. Table 5:4 shows the volume fraction of WO3 in a WO3:air effective medium, calculated according to eq. (28). It indicates that the volume fraction fα of sample A is 81 % and 70 % for sample B meaning there is about 19 % of nanoporosity in sample A and 30% in sample B. 

Sample n at 550 nm Fraction of WO3 / vol.% Pore fraction  /vol.% 

WO3 thin film (Deb,1973) 2.59 100 0 

A low WP 2.28 81 19 
B high WP 2.10 70 30 

Table 5:4 Volume fraction calculated using the Bruggeman effective medium theory.  Sample B was produced at high working pressure in order to obtain a certain degree of po-rosity to facilitate the movement of lithium ions. Chronoamperometry, e.g. application of a voltage step on an electrode, was performed on sample A and B. The WO3 deposited on ITO coated glass was place in a glass cell filled with Li-PC (propylene carbonate containing dis-solved LiClO4 salt); an Ag/AgNO3 electrode cell was used as a reference electrode and a plat-inum wire as a counter electrode. The current and the transmission spectra were recorded while potential steps of +2,5 V and -2,5 V vs. Ag/AgNO3 were applied successively for 300 s each. The spectral transmittance was measured in the range 350 nm–1600 nm; above 1600 nm, the absorptance of the electrolyte was too strong to measure the transmittance with sufficient accuracy. The spectral transmittance was measured every 7 s; the spectra were integrated using a Matlab routine to determine the light transmittance τv (see Chapter 3 and Annexe A1) in order to compare the switching behavior of the samples. The results are dis-played in Figure 5:9.  
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Figure 5:9   Evolution the visible transmittance (upper part) and of the current (lower part) as a function of time 
while the potential applied to the electrodes was stepped from 2.5 V to -2.5V vs. Ag/AgNO3 every 300 seconds. The lower part of the graph shows the current as a function of time. As soon as the potential step is applied, the current starts to increase from negative values; when the potential is reversed, the current switches to positive values and decrease rapidly accompanied with a rapid increase of the transmittance. Before the start of the cycle, both samples A and B are transparent with a visible transmittance of 75 and 82% respectively. Upon application of the potential step, the visible transmittance abruptly decreases to reach 0.3 and 0.5% for sample A and B respectively. However, when the potential is reversed, sample A, which was deposited at low working pressure and is more compact, does not discolor. Its visible transmittance reaches only 8.3% after the first cycle and 17.9% after the third cycle. In-stead, the visible transmittance of sample B reaches 81.5% at the end of the first cycle. At the end of the third cycle, it is only 73.3%, which might be due to some lithium trapped in the film during the first cycles. Furthermore, the speed of coloration is different. During the third cycle, the dense sample sees its transmittance increased by only 16 percentage point in 300 seconds while the porous sample transmittance increased by 69 p. point. Nanoporos-ity appears to play an important role in the switching contrast and dynamics. This may due to the formation of channels which facilitate the movement of the lithium ions. It increases also the surface area between the electrolyte and the electrochromic materials: this internal interface might be favorable to the ion transport. 
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5.2 Anodic electrochromic oxides based on nickel oxides Nickel oxides were investigated as a counter electrochromic material. Pure nickel is mag-netic and in magnetron sputtering deposition magnetic materials modifies the field and might cause problems. Therefore, first trials were performed with a common industrial tar-get of nickel-vanadium (93-7 wt.% e.g. 92-8 at.%) which is non-magnetic. 5.2.1 Characterization of a Nickel-Vanadium oxide To be able to produce an electrochromic device, an ion storage layer is needed. It can be either not changing its color during intercalation and de-intercalation of lithium or chang-ing in the opposite direction as the tungsten oxide, e.g. when the tungsten oxide darkens, the anodic electrochromic oxide darkens too. A nickel-vanadium (Ni-V 93-7 wt%) target was used to produce an electrochromic counter electrode. The set of parameters used for the deposition of this sample is indicated in Table 5:5.  
O70517 Sample Ni-V-O 

Applied power DC-p 200 W 
Deposition time 30 min
Ar / sccm 41.7
O2/ sccm 1.0
Ratio O2/Ar 2,38
Working pressure 1,8.10-2 mbar

Table 5:5 Deposition parameters The sample was deposited on an ITO substrate with a resistivity of 15-30 ohm/sq, it was then immersed in a solution of propylene carbonate containing 1 mol/L of LiClO4 (Li-PC). The ITO substrate and a platinum wire were connected to a potentiostat: an electric poten-tial varying between -2 V and +0.8 V was applied. The spectral transmittance of the ITO substrate, the sample as deposited and after coloring and bleaching is shown in Figure 5:10. From these spectra, the light and solar direct transmittance were determined, they are dis-played in Table 5:6. 

 
Figure 5:10   Spectral transmittance of a nickel vanadium oxide as deposited, colored and bleached along with the 

ITO substrate (dashed line). 
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 τe τv 

ITO/Glass 0.80 0.81 
Ni-V-O as deposited 0.58 0.60
Ni-V-O colored 0.48 0.44
Ni-V-O bleached 0.64 0.69

Table 5:6 Solar direct transmittance and visible transmittance of the Nickel vanadium oxide The ITO substrate displays a transmittance varying between 75 and 85 % in the visible range. It is then decreasing in the near infrared (NIR) to about 50% at 2100 nm. The nickel-vanadium-oxide as deposited, bleached and colored transmit less than ITO in the visible range. The amplitude of the modulation is of 16 % is the solar range and of 25 % in the visi-ble range. Ripples can be observed in the three spectra and are due to differences of refrac-tive index between ITO and nickel oxide. The samples exhibit a strong absorption in the shorter wavelengths of the visible range. It results in a brownish-yellowish color in trans-mission. This effect is stronger after coloration and slightly lower after bleaching.  When the device is colored, the brownish color might be an advantage to create a color-neutral de-vice; however, in the bleached state this effect should be reduced in order to obtain a win-dow which is transparent in the visible range.  5.2.2 Effect of target composition on optical properties In order to obtain an electrochromic device which is transparent in the bleached state, both electrochromic oxides must be transparent. Tungsten trioxide is transparent in the visible range when there are no ions intercalated, therefore, the limiting step is the counter elec-trochromic oxide. Nickel vanadium was first used because it is common and non-magnetic, however it revealed a strong absorption in the blue part of the spectrum leading to a brownish color in transmission of the nickel vanadium oxides.  A pure nickel target and an alloyed target of nickel and tantalum (Ni-Ta 91-9 at%) were used and compared to the sample made with the nickel vanadium target. The deposition parameters are given in Table 5:7. The name of the samples is referring to the target and does not indicate a stoichiometry. Nickel tantalum oxides were investigated because tanta-lum pentoxide is a promising solid state electrolyte, as will be discussed in Chapter 6. 
 NiVOx  

O71106-2 
NiOx
O80621-1 

NiTaOx1
O80607 

NiTaOx2 
O80605-3 

Target Ni-V Ni Ni-Ta Ni-Ta 
Applied power DC-p 200 W DC-p 200 W DC-p 200 W DC-p 200 W 
Deposition time 30 min 30 min 30 min 30 min 
Ar / sccm 41.7 41.7 41.7 41.7 
O2/ sccm 1.0 1.0 1.0 1.5 
Ratio O2/Ar 2,38 % 2,38 % 2,38 % 3,57 % 
Working pressure 1,6.10-2 mbar 1,6.10-2 mbar 1,6.10-2 mbar 1,6.10-2 mbar 

Table 5:7 Deposition parameters. 
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The applied power, power source, working pressure, deposition time and oxygen to argon ratio were maintained constant and tried with the three targets: the transmittance spectra are displayed in Figure 5:11.  

 
Figure 5:11   Spectral transmittance of a nickel vanadium oxide, nickel oxide and nickel tantalum oxides as deposit-

ed. The solar direct and light transmittance τe and τv are also indicated. Samples made from the Ni-V and Ni targets at the same parameters are both oxidized. How-ever, higher levels of oxygen were needed in order to obtain an oxidized nickel tantalum oxide. Sample NiTaOx1 had a metallic aspect and exhibit virtually no transmittance in the solar range. To be fully oxidized, a tantalum atom needs five oxygen atoms while nickel needs only one. Vanadium exists in numerous oxidized forms and VO2 can already be somewhat transparent in the visible range. This might explain why the samples produced for the Ni-Ta target needs more oxygen to be oxidized.  Furthermore, the sputter yield of the three atoms might be different, since tantalum is much heavier than nickel and vanadium (MNi = 58.7 g/mol; MV = 50.9 g/mol; MTa = 180.9 g/mol). It can be observed that the nickel vanadium oxide has a lower transmittance in the visible range, especially below 650 nm. It leads to a lower solar direct and light transmittance as displayed in Figure 5:11. The nickel tantalum oxide presents the same solar direct transmit-tance than the nickel oxide made from a pure nickel target (0.66) and its light transmittance is higher (0.68 compared to 0.62). Additionally, the Ni-Ta target with 9 at.% of tantalum has the benefit of being non-magnetic, which reduces the perturbation of the magnetic field during sputtering. The light transmittance provides information on the quantity of visible light passing through the glazing; there is however no information on the quality, or color, of this light flux. In order to evaluate the difference, the color coordinates and the color rendering index Ra of a white illuminant (D65) after passing through the sample was determined using a Matlab routine (see Annexe A2); they are displayed in Figure 5:12. The maximum value for 
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Ra is 100 which means the spectral transmission is even for all visible wavelengths, indices above 90 are considered very good and good above 80. 

 
Figure 5:12   Color coordinates x,y presented in the CIE 1931 2° diagram and in a table along with the color render-

ing index Ra. For comparison, the color coordinates of a perfect white are x=y=0.333. As could be perceived from the spectra, the sample NiVOx has a yellow color in transmit-tance. Samples NiTaOx2 and NiOx have color coordinates closer to the ideal white, with a slight yellow tint. The color rendering indices highlight this difference, sample NiVOx shows a Ra value of about 80 which is the limit for a good color rendering index. Sample NiOx reach nearly 90 and sample NiTaOx2 is slightly above which corresponds to very good val-ues. In the bleached state, the anodic electrochromic oxide should be as transparent and color neutral as possible. However, in the dark state, the yellow-brownish tint is advantageous: it will create a more neutral color when associated to the blue tint of the reduced tungsten trioxide as illustrated in Figure 5:13. The transmitted light through a coated glass can be considered as a light source, and when two light sources are mixed, the color of the result-ing light will fall on a line between the color coordinates of the initial sources. Since WO3 is blue upon intercalation of lithium ions, a yellow-orange counter electrode would help to reach color neutrality for the electrochromic (EC) device. 
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Figure 5:13   CIE 1931 2° diagram illustrating color mixing, the proper combination of a blue and a yellow transmit-

ted lights can give a color neutral light. The dashed lines indicate the position of the ideal white x=0.333 and 
y=0.333. 
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5.3 Electrochromic devices with liquid electrolyte Deposition parameters for tungsten and nickel oxides were determined in order to produce electrochromic devices. Before starting to investigate solid state devices, some electro-chromic devices with a liquid electrolyte were produced. This section describes how they were assembled and provides some experimental results obtained from these prototypes. 5.3.1 Assembly of electrochromic devices with liquid electrolyte Tungsten oxide and nickel oxide coatings were deposited by reactive magnetron sputtering on ITO coated glass substrates (25 mm x 50 mm). To evaluate the electrochromic layers, a device with a liquid electrolyte was assembled as illustrated in Figure 5:14. For this, double-side tape was used as a spacer; a small quantity of propylene-carbonate containing 1 mol/L of LiClO4 (abbreviated as Li-PC) was added between the glass slides. The sides were sealed using epoxy glue.    

 
Figure 5:14   Electrochromic device with a liquid electrolyte placed between two ITO glass coated with an anodic 

and cathodic electrochromic oxide. The active area is 17 mm x 37 mm. Devices with different substrates or oxide layers were prepared. Silver paste was applied on the ITO to avoid scratching of its surface when connecting the sample to the potentiostat using alligator clips. The sample was then placed in front of the collimator leading to the spectrophotometer, as illustrated in Figure 5:15. This way, the optical properties of the sample could be measured while an electrical potential was applied to the sample. A trans-mission spectrum was recorded every 0.5 seconds. 
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a)     b)  
Figure 5:15   Drawing a) and photography b) of the setup used to measure the liquid electrolyte devices during 

switching. Unless otherwise indicated, the spectral transmittance is the specular transmittance recorded at normal 
incidence. 5.3.2 Cyclic voltammetry with in situ spectrophotometry An electrochromic device with a liquid electrolyte was prepared from a tungsten oxide as well as a nickel oxide coating whose deposition parameters are described in Table 5:8. The transmittance spectrum was recorded after assembly and before any cycle was performed. At 550 nm the transmittance was 60.0 %, then, cyclic voltammetry was performed at vari-ous scan rates varying from 10 mV/s to 80 mV/s. 

ECL80314 WO3 NiVOx 

Target W Ni-V 
Applied power DC 150 W DC-p 200 W
Deposition time 90 min 30 min
Ar / sccm 12.5 41.7
O2/ sccm 8.3 1.0
Ratio O2/Ar 66.67 % 2,38 %
Working pressure 2,4.10-2 mbar 1,9.10-2 mbar

Table 5:8 Deposition parameters. The samples were deposited on ITO coated glass with a sheet resistivity of 15-30 
ohm/sq. The resulting voltammogram is presented in Figure 5:16 a). The experiment was performed in a two-electrode setup, a reference electrode being difficult to install in a thin film device. Therefore, the potential is applied between the two conductive surfaces and it is not possi-ble to determine precisely the potential of the oxidation and reduction reactions at each electrode due to the ohmic drop. However, it can still provide some information on the whole electrochromic device notably on the switching kinetics and the optical response. 
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Figure 5:16   a) Cyclic voltammetry performed on a Glass/ITO/WO3-LiPC-NiVOx/ITO/Glass device from -2.0 to +2.0 V 
at various scan rates: 10, 20, 40 and 80 mV/s and b) light transmittance integrated from the spectral transmittance 

which was measured every 0.5 seconds during the cyclic voltammetry. The thickness of WO3 is ~900 nm and of 
NiVOx ~500 nm. During these experiments, oxidation and reduction reactions occur at both electrodes. When the applied potential is negative, the tungsten is reduced by lithium while the nickel is oxidized both leading to a darkening of the device. When the applied potential is positive, the tungsten is re-oxidized while the nickel is reduced by lithium, leading to a bleaching of the device. Since the experiment is in a two-electrode setup, the position of the peaks does not yield quantitative information because the distribution of the potential at each elec-trode is not known. Furthermore, amorphous WO3 does not typically exhibit sharp peaks of oxidation or reduction because of the broad distribution of energetically different intercala-tion sites due to its amorphous and nanocrystalline composition (Bessière, 2001; Zhou, 2017a). However, the fact that the peaks are not aligned for various scan rates indicates that the kinetics of the reactions are slow and that the equilibrium is not established rapidly compared to the scan rate, this is usually the case for reactions of intercalation. The spectral transmittance was measured every 0.5 seconds during the cyclic voltammetry; τe and τv were integrated from the measured data. The light transmittance, as a function of the applied potential, is displayed in Figure 5:16 b) and the maximum and minimum values of τe and τv are reported in Table 5:9 along with the time needed to complete one cycle for each scan rate. 
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 10 mV/s 20 mV/s 40 mV/s 80 mV/s 
cycle duration / s 800 400 200 100 

τe min 0.03 0.04 0.05 0.06 
τe max 0.61 0.60 0.60 0.60 
τv min 0.04 0.06 0.07 0.08 
τv max 0.69 0.69 0.68 0.69 

Table 5:9 Minimum and maximum solar direct transmittance and light transmittance obtained during cyclic volt-
ammetry with varying scan rate. What can be observed is the optical behavior during the potential sweep; for all scan rates, the sample start to darken when the potential is below 0.6 V and reach the darkest state just after the potential vertex, when the applied potential reaches -2 V, the potential sweep start to go towards high values. For the slowest scan rate (10 mV/s), the coloration at the poten-tial vertex is almost similar to the minimum transmittance. Similarly, the most transparent state is reached before the 2 V potential (at around 1.6 V). This indicates that at this slow scan rate, when a full cycle needs 800 seconds, the lithium atoms have enough time to fully intercalate in the tungsten oxide. On the opposite, at faster scan rates (80 mV/s), the full coloration or bleaching is reached only after some additional time after the maximum volt-age is applied. Since in cyclic voltammetry, the potential is swept on a large range, the re-sponse charge might not be all involved in the chromic process of the coatings. For a more detailed analysis, double-step chronoamperometry was performed on the same device. 5.3.3 Chronoamperometry with in situ spectrophotometry An electrochromic device as described in section 5.3.1 and with the same deposition pa-rameters of Table 5:8 was assembled. The spectral transmittance of the device was then measured in situ during double-step chronoamperometry (CA) experiments. A two-electrodes setup was used meaning that the applied potential is the full voltage drop by the current across the whole device, the distribution of the potential at each electrodes cannot be known precisely, the experiment reflecting the operation of the electrochromic device. Potential steps of -2.0 /+2.0 V and -2.5 /+2.5 V were applied. The duration of a step was 5 seconds. The applied potential, the response current and transmittance at 550 nm during these two experiments are plotted in Figure 5:17; a zoom on the first cycle is shown on the right side.  
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Figure 5:17   a) Potential applied during the chronoamperometry experiment to the Glass/ITO/WO3-LiPC-

NiVOx/ITO/Glass device, b) current response and c) evolution of the transmittance at 550 nm during cycling. d), e) 
and f) zoom on the first cycle. In a chronoamperometry experiment, the current response is recorded upon application of a constant voltage. Here, the potential was varied as a square wave from -2.0 V or -2.5 V to +2.0 V, respectively 2.5 V, to observe the coloration and discoloration of the device. Accord-ing to IUPAC convention (IUPAC, 2005), the negative current correspond to the reduction and positive to the oxidation process. In this case, the negative current corresponds to the reduction of the W6+ to W5+ in LixWO3-x leading to the coloration of the device. It starts from about -60 mA to about -5 mA for the -2.0 V / +2.0 V and to about -10 mA for the -2.5 V / +2.5 V experiment. In the meantime, the transmittance at 550 nm decreases from about 60 to 10 %. When the potential step switches to positive values, the current response is also positive with values varying from about 90 mA for the -2.0 V / +2.0 V, and 110 mA for the -2.5 V / +2.5 V experiment, to 0 mA: the transmittance at 550 nm rises from about 10 to 60 % in few seconds. This is the visible results of the reaction of LixWO3-x to WO3. When the LixWO3-x is fully oxidized, the current returns to zero (see Figure 5:17 e) and f) dashed line).  The in-serted, and extracted, capacities (Qi and Qe in mC) are determined by calculating the area 
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above, and respectively below, the current curve and are indicated in absolute value. The transmittance at 550 nm and capacity for each cycle are given in Table 5:10 and Table 5:11. 
CA -2.0 /+2.0 V cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 

T550 min / % 14.6 14.2 14.4 14.6 14.7 
T550 max / % 63.2 63.1 63.1 63.0 63.0 
Δ T550   / pp 48.6 48.9 48.7 48.4 48.3 

time to reach 95% of T550 max  / s * 4.0 4.0 4.0 4.0 3.5 
inserted capacity Qi    / mC 79.0 79.0 77.8 76.8 75.9 

extracted capacity Qe     / mC 78.6 78.9 77.8 76.8 75.9 

Table 5:10 Results obtained from the analysis of the -2.0 /+2.0 V chronoamperometry experiment displayed in 
Figure 5:17. *The transmittance spectra are recorded every 0.5 seconds, so the time indicated cannot be more 

precise than 0.5 seconds. (pp means percentage points) 

CA -2.5 /+2.5 V cycle 1 cycle 2 cycle 3 cycle 4 cycle 5 
T550 min / % 11.5 10.0 9.5 9.1 8.9 
T550 max / % 63.1 62.8 62.6 62.4 62.3 
Δ T550    / pp 51.6 52.8 53.1 53.3 53.4 

time to reach 95% of T550 max  / s * 3.0 3.0 3.5 3.5 3.5 
inserted capacity Qi    / mC 90.2 101.2 105.0 106.8 107.6 

extracted capacity Qe     / mC 91.0 101.1 104.9 106.7 107.5 

Table 5:11 Results obtained from the analysis of the -2.5 /+2.5 V chronoamperometry experiment displayed in 
Figure 5:17. *The transmittance spectra are recorded every 0.5 seconds, so the time indicated cannot be more 

precise than 0.5 seconds. The optical contrast obtained for the +/- 2.5 V chronoamperometry (CA) experiment is slightly larger than the one obtained for the +/- 2.0 V CA experiment. It can be observed that the maximum transmittance decreases from 63.1 to 62.3 after only five cycles. This can be related to the extracted charge which is 0.1 mC lower than the inserted charge for the +/- 2.5 V CA whereas they are equal in the +/- 2.0 V CA experiment (except for the first cycle in both case which might be related to the experiment performed beforehand). The exact switching time could not be determined because the full optical contrast achievable is not known. The 0.5 seconds time interval between two spectra is limiting the accuracy of the determination of the switching speed. Nevertheless, it can be observed that the switch is faster for the +/- 2.5 V step during the first cycles. After 4 cycles, the switching speed for the two conditions is similar. As the maximum transmittance decrease, the inserted and ex-tracted charge increase. This could be due to some degradation mechanism induced be the extra charge that would promote side reactions once the main reaction is complete. From the charge Q (in mC/cm2) and optical density ΔOD (no unit), the coloration efficiency CE (in cm2/mC), can be calculated as described in eq. (29) and (30).  
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CE = ΔODܳ/(29)  ܣ with  ΔOD = log ఛ್ఛ೎  (30) where the value used for τb and τc are respectively the T550 max and T550 min indicated in Table 5:10 and Table 5:11 and A is the active area of the sample (1.7 x 3.7 cm2). The coloration efficiency for the coloring along with the optical density calculated for each cycle are plotted in Figure 5:18.  

 
Figure 5:18   Coloration efficiency and optical density of the Glass/ITO/WO3-LiPC-NiVOx/ITO/Glass device obtained 
from the chronoamperometry experiments performed with -2.0 /+2.0 V steps (in green) and -2.5 /+2.5 V steps (in 

red).  With a larger potential window (+/- 2.5 V vs. +/-2.0 V), a larger optical density is reached; however, the coloration efficiency is slightly lower. Color efficiency of about 50 cm2/C are considered relatively high for this type of device (Zhou, 2017a).  In further experiments, a degradation of the device was observed when a +2.5 V was ap-plied for too long (more than 50 seconds). Bubbles started to appear and a visual inspection of the sample showed inhomogeneity in the color of the studied zone. At this voltage, side reactions may appear when the desired reaction is achieved leading to irreversible modifi-cations of the sample. 5.3.4 Switching dynamics Two chronoamperometry experiments were performed using the same potential step of -2.0 V and +2.0 V, with two step duration, 5 and 10 seconds, to observe the optical behavior during switching. The current response and transmittance at 550 nm as a function of time are presented in Figure 5:19. 
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Figure 5:19   a) Current response and b) transmittance value at 550 nm to an applied potential step varying from -

2.0 to +2.0 V every 5 seconds (green line) or every 10 seconds (red line) on a Glass/ITO/WO3-LiPC-NiVOx/ITO/Glass 
device.  The maximum transmittance is similar for both step duration (63.5 % for the 5 s step and 63.8 % for the 10 s step) but the minimum transmittance reach lower values with a longer step duration (14.3 % for the 5 s step and 8.8 % for the 10 s step). When charging time is increased from 5 to 10 seconds, the charge inserted increases by only 37 % (from 77.4 mC to 106.3 mC). The optical density obtained with a 10 s step is larger (0.86 compared to 0.64 for 5 s) but the coloration efficiency decreases slightly (50.7 compared to 52.0 cm2/C for 5 s). A longer charging step is beneficial to have a darker device and it seems that with an even longer time, the sample could reach darker levels. However during the bleaching, a plateau is observed after 7 seconds, suggesting that the sample cannot reach higher trans-mittance. This transmittance is similar to the transmittance of the device “as-assembled” before any cycling. It confirms that the counter electrode has a low amplitude of optical modulation. This experiment shows that a longer time interval is needed to color the sam-ple, e.g. to intercalate the lithium ions, than to fully bleach it. This might implies that lithium intercalation lead to a distortion of the amorphous network, creating strains in the lattice while the de-intercalation is favored by a relaxation of the crystal structure.  5.3.5 Influence of ITO sheet resistivity  WO3 coatings were deposited during the same deposition run on two ITO substrates of 25 mm x 50 mm, one with a sheet resistivity of 15-30 ohm/sq and a second with a sheet resis-tivity of 30-60 ohm/sq (the sheet resistivity range is the one indicated by the manufactur-er); the same procedure was applied for the nickel oxides. The liquid electrochromic device 
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were assembled, one with both oxides deposited on the 15-30 ohm/sq ITO substrate and another with both oxides on the 30-60 ohm/sq ITO substrate. Deposition parameters were identical to those presented in Table 5:8  (Section 5.3.2). The spectral transmittance of the sample was recorded during a chronoamperometry experiment; potential steps of -2.0 V and +2.0 V were applied for 5 s each. Results are displayed in Figure 5:20. 

 
Figure 5:20   Evolution of the transmittance at 550 nm with an applied potential step varying from -2.0  to +2.0 V 

every 5 seconds for two ITO substrate with a sheet resistivity of 15-30 ohm/sq (green line) and 30-60 ohm/sq (red 
line) on a Glass/ITO/WO3-LiPC-NiVOx/ITO/Glass device. A lower sheet resistivity of the ITO substrate reduces the 

coloration speed but not the bleaching speed. The device made with an ITO substrate having a sheet resistivity of 30-60 ohm/sq exhibits a smaller optical modulation (35.0 percentage point) than the one deposited on the substrate having a sheet resistivity of 15-30 ohm/sq (49.8 p.p.); the coloration is slower with the more resistive ITO.  The ITO substrates have a size of 25 mm x 50 mm and the active area is 17 mm x 37 mm: even for such small samples, the influence of the resistivity of the sub-strate is clearly observed for the coloration step. For large electrochromic windows, the effect of the transparent conductive layer is clearly observed, the color changing as a cur-tain from the contacts to the center of the glazing. Even for small samples, the intercalation of lithium is not the only limiting step and therefore when comparing samples, the same type of substrate should be used and clearly specified. With both studied ITO substrates, the switching speed during bleaching appears to be similar. Both devices exhibit a steep slope and reach the clearest state in a very short time.  



126 Thèse de doctorat Olivia Bouvard
 

126 

5.4 Discussion and perspectives  Suitable deposition parameters for the cathodic and anodic electrochromic oxides were de-termined. The nanoporosity produced by the use of high total pressure during the sputter-ing has shown to be favorable to the optical contrast and switching dynamics of WO3. The used of pure nickel or Ni-Ta targets proved to be advantageous for the optical properties in the bleached state. There is less absorption in the short wavelength range leading to a more color neutral coating.  The electrochromic coatings were assembled to form a device with a liquid electrolyte; var-ious tests were performed on this device. A solar transmittance of 3 % was achieved in the dark state and up to 67 % in the bleached state. The transmittance of the device could be varied from 10 to 60 % in a few seconds. The various experiments showed that the kinetics of the reaction during bleaching is much faster than to color the device. The coloration pro-cess of the device is mainly due to the intercalation of lithium ions in the tungsten oxide matrix; this reaction is triggered by the application of a voltage between two conductive surfaces. The phenomenon can be compared to a battery, where the coloration is the charg-ing process requiring electricity and the bleaching relate to emptying the battery.  The liquid electrochromic devices studied in this chapter have color efficiency in the range of 50 cm2/C: in the battery vocabulary and units, it means that it has a capacity of 5.5 
μAh/cm2. The theoretical capacity of a LiCoO2 film with a thickness of 1 μm is 69 μAh/cm2 (Matsuda, 2018); this material was especially developed for batteries and real batteries usually reach only 60 % of this capacity for films thicker than 1 μm. In the studied devices, the thickness of WO3 was about 1 μm: considering the optical constraints which strictly lim-it the pore size to preserve transparency, a capacity of 5.5 μAh/cm2 can be considered rea-sonable.  In batteries, graphite is often used because its layered structure facilitates the movement of lithium atoms. In electrochromic devices, it was observed that nanoporosity improves the optical properties. This might be due to an increased number of channel paths for lithium which reduce the strains on the atom network. In addition, a porous structure can decrease the charge transfer resistance (He, 2018). Furthermore, in non-aqueous electrolytes the desolvation process of the lithium ion might reduce the kinetics of intercala-tion/deintercalation in the electrode (Abe, 2004) and a less ordered interface could facili-tate the loss of the sheath of the solvated lithium ion (Steinrück, 2018).  Furthermore, it was also observed that the resistivity of the ITO substrate has a strong in-fluence on the coloration speed, even on small scale samples; however, the bleaching speed did not depend on the ITO resistivity. In most electrochromic devices, the voltage is applied 
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to the two transparent conductors and the local distribution of the potential gradient within the depth of the film cannot be controlled. Temperature-dependent measurements could help to separate the electrical and electrochemical contributions to the coloration mecha-nism and get a better understanding of the rate limiting factor.  The resistance of the ITO has an influence on the lateral charge transport through the de-vice; therefore, for larger devices this resistance will increase. For example, for a commer-cial ITO having a sheet resistivity of 30 ohm/sq, the resistance from the edge of a square patch (1 cm2) at a distance of 2 cm is 60 ohm, at 10 cm it is 300 ohm and at 1 m it is 3 kohm. For small distances, the resistance through the solid electrolyte is larger or of the same or-der of magnitude than the resistance of the ITO layer: a solid electrolyte with an ionic con-ductivity σi = 1∙10-6 S/cm and a thickness of 50 nm the resistance across the device would be 500 ohm. For larger devices such as electrochromic windows for building, the effect of the resistance of ITO is non negligible. A common approach to reduce the resistance of the lateral charge is to use a TCO with a higher conductivity or to increase its thickness. Howev-er, both these approaches reduce the optical transmittance of the electrochromic window in the clear state: there is a need for innovative solutions in this domain. Alternative solutions such as carbon nanotubes (Wan, 2017) or metallic grid (Han, 2014) are investigated as this type of highly transparent and highly conductive layer would not only be useful for electro-chromic devices but also for various optoelectronic devices such as photovoltaic cells or organic light-emitting diodes (OLED). In order to improve the durability of electrochromic devices, inorganic solid-state electro-lytes are envisaged: some potential materials are studied in the next chapter.  
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 Inorganic electrolytes Chapter 6 This chapter focuses on potential candidates to be used as a solid and inorganic ion conductor. Since electrochromic devices have numerous similarities with thin film batter-ies, electrolytes which are of special interest in the context of batteries were studied: lithi-um phosphate oxy-nitride films and lithium lanthanum titanium oxide compounds. The mo-tivation was to determine if these electrolytes would be suitable for electrochromic glazing. Furthermore, tantalum pentoxide films were studied with the aim to understand, if a po-rous metal oxide could be used as a solid electrolyte. 
 6.1 Lithium phosphate oxy-nitride coatings Lithium phosphate oxy-nitride, often referred to as LiPON, is an amorphous solid state elec-trolyte, which has been largely studied for thin film lithium ion batteries since its potential as a lithium ion conductor was revealed by Bates et al. in 1992 (1992). It is advantageous for electrochromic devices because of its transparency for the solar spectrum (Su, 2016). In addition, this amorphous material can be deposited at low temperature via sputtering. 6.1.1 In situ photoelectron spectroscopy  A lithium phosphate target was used to deposit Li-P-O-N solid electrolytes by reactive sput-tering in nitrogen-containing plasma. A first investigation by photoelectron spectroscopy was performed to compare the coatings deposited in pure argon flow and in pure nitrogen flow. The target does not contain nitrogen; in the following section the samples are called LiPO and LiPON though it does not indicate a stoichiometry. The deposition parameters are given in Table 6:1. 
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 LiPO
O60209 

LiPON
O60211 

Target Li3PO4 Li3PO4 
Applied power RF 100 W RF 100 W
Deposition time 5 h 5 h
Process gas Ar N2

Working pressure 4,2.10-3 mbar 4,2.10-3 mbar
Table 6:1 Deposition parameters: one sample was deposited in pure argon plasma and the second in pure nitrogen 

plasma. X-ray photoelectron spectroscopy was performed on the sample just after its transfer from the sputtering chamber to the analysis chamber. Figure 6:1 shows the survey spectrum and the O 1s, N1s and Li 1s core levels spectra. No smoothing was performed and the apparent difference of noise is due to the intensity of the peaks which were all measured with the same number of scans.  

 
Figure 6:1   XPS of the survey spectrum and the O 1s, N 1s and Li 1s peaks. When the Li3PO4 target is sputtered in N2 

plasma, nitrogen is incorporated in the film as confirmed by the presence of the N1s peak. 
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In the survey scan, the Auger peak OKLL and the core level peaks O 1s, P 2s and P 2p are ob-served for both spectra. When the deposition is performed in a nitrogen atmosphere (LiPON sample), nitrogen is incorporated in the coating: the N 1s core level peak appears. The spectrum of the sample deposited in a pure argon atmosphere (LiPO) does not show a nitrogen peak indicating that nitrogen is not contaminating the target. Twenty minutes of cleaning in pure argon are performed before each deposition; upon insertion of nitrogen, the shape of the O 1s peak is modified. At low binding energies, the core level peaks of Li 1s, O 2s and P 3s can be observed although their intensities are very low. The chemical compo-sition was determined using the Scofield sensitivity factor by integrating the core-level peak area after subtraction of a Shirley background. For lithium and nitrogen, the Li1s and the N1s were the only peaks that could be used. For oxygen and nitrogen, usually O1s and P2p peaks are used; here quantification was also performed using the P2s and O2s peaks, since the results largely differ from the target composition. The obtained range is shown in Table 6:2 along with the expected ratio for Li3PO4 and a range of LixPOyNz compounds. 
 ratio Li/P ratio O/P ratio Li/O ratio N/P ratio N/O 

Li3PO4 3 4 0.75 - - 

LixPOyNz 2.6 < x < 3.5 1.9 < y < 3.8 - 0.1 < z < 1.3 - 

LiPO 0.9 ± 0.10 2.0 ± 0.50  0.9 ± 0.10 - - 

LiPON 1.1 ± 0.05 1.4 ± 0.25 1.15 ± 0.05  0.5 ±0.1 0.4 ±0.05 

Table 6:2 Chemical composition obtained by integration of the core level peaks of the LiPO and LiPON samples. The 
expected ratio for Li3PO4 and a range of LixPOyNz compounds (Fleutot, 2011) are also given. The obtained composition of about Li0.9PO2 and Li1.1PO1.4N0.5 diverge strongly compared to the stoichiometry of the target, which is Li3PO4 and compared to LixPOyNz reported in the literature, which have compositions varying in ranges from 2.6 < x < 3.5, 1.9 < y < 3.8 and 0.1 < z < 1.3 (Fleutot, 2011). The determination of the Li/P ratio of a LiPON sample deposit-ed with the same target, but with slightly different process parameters (process gas Ar+N2 instead of pure N2) was measured by inductively coupled plasma optical emission spec-trometry (ICP OES) after acid digestion of the coating indicated a value of Li/P = 2.3. This value is also lower than expected but closer to expectations. The determination of the stoi-chiometry of lithium containing compounds using XPS is delicate, as the sensitivity of Li by XPS is rather low (Whitney, 2008). The XPS might underestimate the quantity of Li present in the film. Furthermore, the Scofield sensitivity factors used for the quantification were theoretically determined for isolated atoms and might not apply to all types of compounds. However, the ratio of Li/O is rather close to the expectations and since XPS is a surface sen-sitive technique, the LiPO or LiPON thin layer might be preferentially terminated by phos-phorous atoms. More experiments would be needed to determine accurately the chemical composition of this type of samples.  
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To obtain a better understanding of the oxygen to phosphorous bridging, the deconvolution of the O1s spectra was performed according to model presented by Fleutot et al. (2011) and illustrated in Figure 6:2. The three components are attributed to P=O (O1: non-bridging ox-ygen), Li+−O–P (O2: non-bridging oxygen) and P–O–P (O3: bridging oxygen).  

 
Figure 6:2   Structural model of alkali metaphosphate glasses with attribution of the O 1s components. Reproduced 

from (Fleutot, 2011). The XPS experimental curves were fitted using a Gauss-Lorentz peak shape and a Shirley background. The Full Width at Half Maximum (FWHM) was maintained identical for the peaks of a same core level; the relative position of the peaks was fixed. These constraints are necessary in order to obtain a fit with a physical meaning. The results are presented in Figure 6:3 and Table 6:3.  

 
Figure 6:3   Deconvolution of the O 1s peak with the O1, O2 and O3 components described in Figure 6:2. 

 LiPO LiPON 
 position FWHM % area position FWHM % area 

O1 533.4 1.66 58.9 533.2 1.77 69.8 

O2 534.4 1.66 14.6 534.2 1.77 16.1 
O3 535.6 1.66 26.5 535.4 1.77 14.1 

Table 6:3 Quantification of the O 1 s components. The non-bridging oxygen (component O1) is predominant for both LiPO and LiPON sam-ples. The introduction of nitrogen reduces the amount of bridging oxygen (O3), which can indicate a nitrogen/oxygen substitution.  
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The N 1s core level of the LiPON sample was fitted considering two nitrogen components (labeled N1 and N2) separated by 1.6 eV (Fleutot, 2011, Vepřek, 1981). They are attributed to a nitrogen bound to two phosphorous atoms (–N=) and to a nitrogen bound to three phosphorous atoms (-N<). The results are presented in Figure 6:4. 

 
Figure 6:4   Deconvolution of the N 1s peak in two components, N1 corresponding to a nitrogen bound to two 

phosphorous atoms (–N=) and N2 to a nitrogen bound to three phosphorous atoms (-N<). Fleutot et al. (2011) studied the evolution of N1/N2 ratio as a function of N/P ratio as well as the ionic conductivity as a function of the N/P ratio as illustrated in Figure 6:5. Their re-sults suggest that a smaller N2/N1 ratio is beneficial for ionic conductivity, as depicted in Figure 6:6. The N1 component represents linear chains while the N2 component indicates cross-linking that would disrupt the linear phosphate backbone. 

  
Figure 6:5   a) Evolution of N1 and N2 contents deduced from their respective areas on the N1s core peak as a func-
tion of total nitrogen amount. b) Ionic conductivity as a function of N/P ratio and Li/P ratio. Reproduced from (Fleu-

tot, 2011). 
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Figure 6:6   Evolution of the ionic conductivity as a function of the N2/N1 component ratio. Drawn from data pre-

sented in (Fleutot, 2011). The LiPON sample deposited in our laboratory as a ratio of N/P = 0.5 and a ratio N2/N1 = 0.27. According to the findings of Fleutot et al., we expect to obtain LiPON samples with high ionic conductivities. 6.1.2 In situ photoelectron spectroscopy of LiPON/WO3 interface 
Some of the text and images in the following section were presented as a poster at SATF 2016, Science 
and Applications of Thin Films, Congress & Exhibition in Cesme, Turkey. A step by step deposition of LiPON on WO3 was performed by magnetron sputtering deposi-tion. The successive layers were studied by in situ photoelectron spectroscopy (XPS and UPS): the aim of this study is to obtain information on the layer growth and on the possible interactions between the layers. The deposition parameters of the WO3 and the LiPON layer are indicated in Table 6:4. The WO3 layer thickness was estimated to 35 nm, according to the deposition time, the successive LiPON layers were estimated to be 0.35 nm and 1.1 nm thick.  

O60902 WO3 LiPON 

Target W Li3PO4 
Substrate Si wafer WO3/Si
 no substrate heating no substrate heating 
Applied power DC 150 W RF 50 W
Process and reactive gas Ar and O2 N2

Gas flow / sccm Ar : 12.5, O2: 8.3 38.7
Ratio O2/Ar 66.67 % 0
Working pressure 1,6.10-2 mbar 4∙10-3 mbar

Table 6:4 Deposition parameters. After each deposition step, UPS and XPS measurement were performed. The experimental curves of N 1s and W 4f core level regions are displayed in Figure 6:7.  
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Figure 6:7   N1s core level spectrum (left) and W 4f core level spectrum (right) of the successive layers of WO3 and 

LiPON/WO3. The presence of LiPON is confirmed by the N1s peak and appear to modify the W4f peak. The presence of LiPON on top of the WO3 layer is confirmed by the appearance of the N 1s core level peak after deposition of thin layers of LiPON. Furthermore, a reduction of the intensity of the W4f peak can be observed; however, the Li 1s peak cannot be observed. In Figure 6:8, the decrease in intensity was compared to the attenuation estimated from the inelastic mean free path (IMFP) given by the universal curve (Seah, 1979). At a kinetic energy of 1218 eV, the IMFP, indicating the average distance travelled by an electron in a solid without loosing energy, was estimated to be λi = 3.35 nm, using eq. (31) from (Seah, 1979 - eq. 5) with the parameters A and B for inorganic coumponds. 
λ୧ = 2ܧܣ  +  (31) ܧඥܤ

 
Figure 6:8   W4f peak area compared to expected attenuation from the inelastic mean free path (IMFP). 
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After the first step, the attenuation of the W 4f doublet is close to the estimation which would suggest a layer-by-layer growth; further depositions do not follow the same trend. There are three main types of thin film growth, the Frank-van der Merwe mode, where at-oms reach the substrate and arrange layer-by-layer, the Volmer-Weber mode in which the atoms nucleate on some points and form a pile or island, and the Stranski-Krastanov which starts with a layer-by-layer growth until a critical thickness is reached, then islands are formed (Venables, 2000). The diminution of the intensity of the W4f peak suggests a Stran-ski-Krastanov growth mode, where layer-by-layer deposition is followed by a 3D growth. The apparently good coverage of the first layer indicates the presence of a sharp interface.  The modification of the W 4f  peak shape suggests that inter-diffusion of lithium ions in tungsten oxide might occur, leading to the apparition of W5+ oxidation state. The full W 4f peak area was taken into account to draw Figure 6:8. After deposition of a thin layer of LiPON, the W 4f peak seems to contain more than a doublet. Deconvolution of the W 4f peak was performed using a Gaussian-Lorentzian peak shape and a Shirley background. The components determined from the deconvolution of the W 4f peak are illustrated in Figure 6:9. 

 
Figure 6:9   Peak fitting of W4f with a second doublet representative of the W5+ oxidation state. The circles repre-

sent the measured curve, the dot line the W6+ component, the dash line the W5+ component  and the red solid line 
the sum of the fitted components. The modification of the W4f peak shape is attributed to the presence of tung-

sten atom with a reduced oxidation state (W5+). 
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For the pure WO3 sample, the W 4f doublet of W6+ can be observed. It can be fitted with a Gaussian-Lorentzian shape respecting the ratio of 3:4 specific to f5/2:f7/2 core levels. In addi-tion to the intensity decrease, a broadening of the W 4f doublet peak can be observed. This broadening is similar to what is observed when sub-stoichiometric tungsten trioxides are deposited (Bouvard, 2016). A reasonable agreement between the sum of the components and the experimental data is obtained, when a second doublet with the same constraints is added to the deconvolution. This second doublet is attributed to the presence of W5+ oxida-tion state; this assumption is consistent with binding energies reported in the literature for reduced tungsten (Naumkin, 2012). In Chapter 7, the study of dry lithiation of WO3 by XPS also shows a reduction of the W oxidation state, even though the O/W ratio remains con-stant.  The reduction of tungsten implies new states in the vicinity of the Fermi edge. The valence band region was investigated by UV-photoelectron spectroscopy, the spectra obtained using a Helium discharge lamp (He I at hν = 21.22 eV) being presented in Figure 6:10.  

 
Figure 6:10   UPS spectra with a zoom on the valence band edge region. A modification of the work function and 

the apparition of states around 1.5 eV after deposition of LiPON can be observed. For the WO3 layer, a broad maximum is observed at approximately 4 eV. A slight shoulder is observed at 6 eV and a smaller broad feature around 2 eV. After LiPON deposition, there is a broadening of the 4 eV peak; a shoulder is appearing at 1.5 eV. A modification of the work function is also observed, going from ΦWO3 = 6.4 to ΦWL = 5.4 eV KE after deposition of a LiPON layer. The shoulder at about 6 eV is assigned to a hybridized W 5d-O 2p band. The main feature at 4 eV with the small feature at 2 eV are assigned to the O 2p derived band. The states be-tween 2.6 eV and the Fermi edge may be an Urbach tail due to the amorphous nature of 
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WO3 or to satellites peaks. In the valence band spectra of LiPON on silicon measured by UPS, no state are visible between 0 and 3 eV, therefore the occurrence of a shoulder at 1.5 eV is correlated with the partial reduction of W6+ and might be due to W5+ as observed in the under-stoichiometric tungsten oxides. 6.1.3 Influence of the nitrogen to argon ratio  While lithium phosphate is stable in air, lithium phosphate oxynitride (LiPON) is sensitive to humidity (Liu, 2006), which might limit its use in the glazing industry. Furthermore, due to the nature of the target, it has a slow deposition rate. Two samples were deposited by varying the nitrogen to argon mass flow ratio in the plas-ma. Their optical properties and ionic conductivities were investigated. The deposition pa-rameters are described in Table 6:5. The samples were deposited simultaneously on an ITO coated glass and on a piece of silicon wafer. Aluminum contacts were then deposited on the LiPON/ITO/glass sample to form electrodes and allow the electrochemical impedance spec-troscopy (EIS) measurements. The LiPON deposited on silicon was measured by ellipsome-try in order to determine its optical constants and thickness. 
 Sample A

O71102 
Sample B 
O71129 

Target Li3PO4 Li3PO4 
Substrate ITO/glass and Si wafer ITO/glass and Si wafer 
Applied power RF 100 W RF 100 W 
Deposition time 7 h 50 4 h 30 
Process gas Ar + N2 Ar + N2 
Ar / sccm 13.9 13.9 
N2 / sccm 38.7 33.7 
Working pressure 3.4∙10-3 mbar 5.4∙10-3 mbar 
N2/Ar mass flow ratio 3.55 3.09 

Table 6:5   Deposition parameters. The N2/Ar mass flow ratio is higher for sample A. In order to determine the ionic conductivities of a sample, a precise measurement of the thickness is first needed: the samples deposited on silicon were measured by ellipsometry. They were measured at four angles of incidence: 60°, 65°, 70° and 75°. A Cauchy dispersion law was used to fit the ellipsometric data and obtain the refractive index as a function of the wavelength. The measured data and the values generated using the refractive index and thickness determined by the fit are illustrated in Figure 6:11. 
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Figure 6:11   Ellipsometric data, tan(Ψ) and cos(Δ), measured in solid line and generated from the fitted thicknesses 

and refractive index in dashed line. A reasonable agreement between the experimental values of tan(Ψ) and cos(Δ) and the ones obtained from the Cauchy dispersion law was achieved: R2 was larger than 0.98 for both samples. The thickness determined by ellipsometry is 171 nm for sample A and 130 nm for sample B. The refractive index determined by ellipsometry in the 450 to 950 nm region for sample A and B is shown in Figure 6:12. The variation in process gas ratio appears to have a strong influence on the optical properties of the samples. 

 
Figure 6:12   Refractive index of the samples A (O71102) and B (O71129) determined by ellipsometry, the numerical 

analysis is based on a Cauchy dispersion law. 
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The thickness of the samples being known, the Electrochemical Impedance Spectroscopy (EIS) measurements were then performed. The uncoated ITO part and the aluminum dots were connected to a potentiostat using metallic pins. A sinusoidal voltage with amplitude of 50 mV was applied and the response as a function of the frequency between 100 Hz and 2 MHz recorded. The results are presented, as the imaginary and real part of the resulting impedance, in the Nyquist representation. The measurement was repeated at various tem-peratures, the substrate being placed on a heating stage. The symbols in Figure 6:14 and Figure 6:15 represent the measured point at each temperature indicated in the legend for samples A and B. The EIS data was then fitted using the equivalent circuit model depicted in Figure 6:13, which is commonly used to describe a “cross plane” type of measurement of solid electrolytes (Hamon, 2006; Nisula, 2015; Li, 2017). It consists of a resistor R1 repre-senting the wire and contact resistance, a resistor R2 in parallel with a constant phase ele-ment (CPE) Q2 representing the ionic conductivity process and a CPE Q3 representative of the capacitive behavior at low frequencies due to the conductor/insulator/conductor con-figuration. The resistance R2 describes the ionic conductivity of the material and is used to calculate the ionic conductivity σi using eq. (32). A CPE is a non-ideal capacitor, which is used to take into account the deviation to the pure capacitive behavior, generally attributed to electrode inhomogeneity or roughness (Kaplan, 1987; Rodíguez Presa, 2001). In the case of amorphous solid ion conductor, the deformation of the semi-circle, empirically modelled with a CPE, was attributed to a consequence of correlated forward-backward jumps of the ions (Shoar Abouzari, 2009), according to the concept of mismatch and relaxation in solid with disordered structures introduced by Funke et al. (2002). 
σ௜ =  ܴ݀ଶ ∙  .where d is the thickness and A the contact area (32) ܣ

  
Figure 6:13   Equivalent circuit used to model the EIS data.  
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Figure 6:14   EIS measured data (symbols) fitted with the equivalent circuit described in Figure 6:13 (lines) for 

sample A. The response as a function of the frequency between 100 Hz and 2 MHz was recorded, the zoom show 
the response in the range 500Hz to 2MHz in a) and 2 kHz to 2 MHz in b). In Figure 6:14, the EIS data present the shape of a quasi half-circle, typical of a resistance and a capacitance in parallel, followed by a straight line typical of a capacitance at low frequencies. The high frequencies are on the left-hand side of the diagram while the low frequencies are on the right-hand side. The data shown is a zoom on the half-circle part  (2 kHz to 2 MHz in Figure 6:14 b)), the straight line continuing towards high values. The Nyquist diagrams obtained are fitting well with the adopted model; the resistance R2 determined from this model can be employed to determine the ionic conductivity, knowing the thickness (see eq. (32)). The “half-circle” size, decreasing with increasing temperature, reaveals that the process is thermally activated. The decrease is due to a diminution of resistance R2 (from about 200 Ω at room temperature to 30 Ω at 50°C), while Q2 remains in the range of 10-8 Farads. For sample B in Figure 6:15, similar features can be observed; however, the size of the “half-circle” is larger compared to sample A. 

 
Figure 6:15   EIS measured data (symbols) fitted (with the equivalent circuit described in Figure 6:13 (lines) for 

sample B. The response as a function of the frequency between 100 Hz and 2 MHz was recorded, the zoom show 
the response in the range 1.5 kHz to 2 MHz. 



142 Thèse de doctorat Olivia Bouvard
 

142 

It implies a larger resistance R2 in the ionic conductivity process. The ionic conductivity, as other thermally activated processes, follows an Arrhenius exponential law. It can be deter-mined by plotting the natural logarithm of the ionic conductivity, multiplied by the temper-ature as a function of the inverse temperature, as in Figure 6:16.  

 
Figure 6:16   Evolution of the ionic conductivity times temperature as a function of the inverse of the temperature 
(dots) and linear fit of the data points (line). The slope of the trendline is used to calculate the activation energy.  A straight line is obtained, which confirm, the model for thermal activation; the slope multi-plied by the Boltzmann constant is giving the activation energy. It was found to be equal to Ea = 0.63 eV for the sample A and Ea = 0.58 eV for the sample B. The ionic conductivity at 25°C was determined to be equal to σi = 1.2∙10-6 S/cm for the sample A and σi = 1.8∙10-7 S/cm for the sample B. For a crystalline LiPON studied by Senevirathne et al. (2013), the minimum activation ener-gies for Li ion vacancy and interstitial migrations were computed to be 0.4 eV and 0.8 eV, respectively, using first principles calculations. Their LiPON sample showed an activation energy of 0.6 eV; this was attributed to a migration of the Li+ ions through vacancies in the crystal structure. The LiPON samples deposited in our laboratory are amorphous: a combi-nation of vacancy and interstitial migrations may accordingly occur.  A decrease of the acti-vation energy can be attributed to an enhancement of the Li+ ions mobility in the film (Ra-baâ, 2001; Fleutot, 2011). The sample B exhibits a lower ionic conductivity than sample A. However, unlike sample A, which quickly degraded in ambient air, sample B was still functional after numerous days in ambient air.  EIS measurements were performed regularly for 29 days, a selection of repre-sentative results are presented in Figure 6:17.  
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Figure 6:17   Evolution of the EIS data with time for sample B.  After the first days, a small deviation was observed. Some of this modification can be at-tributed to the sample temperature, which was varying a little due to room temperature variations. However, after this initial modification, stabilization was observed: the spectra looked similar. The aspect of sample B after some days also looked similar while a diffuse effect due to some particle growth could be observed on sample A, as illustrated in Figure 6:18. 

  
Figure 6:18 Aspect of sample A after 6 days, a diffusive aspect could be observed at the naked eye while the sample 

B deposited on silicon preserved a specular aspect.   Since the studied LiPON samples were transparent in the visible range, a Cauchy distribu-tion law could be used to fit the refractive indices and thicknesses. Using an equivalent elec-tric circuit and knowing the thickness of the sample, the ionic conductivity were inferred from the EIS measurements. They were performed over a range a temperature of 23 to 60°C to determinate the activation energy. A synthesis of the results is presented in Table 6:6. 
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 Sample A Sample B 

N2/Ar mass flow ratio 3.55 3.09 
Thickness 171 nm 130 nm 
Deposition rate  21.8 nm/h 28.9 nm/h
Cauchy indices A / B 1.45 / 0.03 1.60 / 0.006
ionic conductivity at 25°C 1.2∙10-6 S/cm 1.8∙10-7 S/cm
Activation energy 0.63 eV 0.58 eV
Stability in air less than a day at least 29 days 

Table 6:6 Summary of the results. The sample deposited with a lower N2/Ar mass flow ratio exhibited a longer sta-
bility in ambient air.  EIS was also measured over time for sample A: after a few days, grains appeared on samples A, the measured signal being too low to provide an EIS Nyquist diagram. More experiments would be needed to understand the mechanism of degradation of LiPON in air; however, adding more argon to the plasma seems beneficial to the stability of the LiPON film in ambi-ent air.  
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6.2 Lithium lanthanum titanium oxide coatings The lithium lanthanum titanium oxides Li3xLa2/3 − xTiO3 are a type of perovskite Li+-ion con-ductors; they are made of a solid solution with a composition usually in the range of 0.06 < x < 0.14 (Robertson, 1995; Fourquet, 1996) and usually referred as LLTO. These Li conductors are stable in dry and hydrated atmosphere as well as in a wide range of temper-atures from 4K to 1600 K (Bohnke, 2008). Their use in thin films batteries is somewhat lim-ited by the presence of Ti4+ ions, that can be reduced in contact with a lithium metal anode (Bohnke, 2008); however, they can be useful as electrolytes for electrochromic devices. LLTO films were deposited by RF magnetron sputtering. The optical properties were stud-ied by ellipsometry and spectrophotometry; XRD and SEM were used to characterize the film morphology.   6.2.1 In situ photoelectron spectroscopy  A Li0.5La0.5TiO3 target prepared at the Izmir Institute of Technology was used to deposit LLTO films. Details on the target preparation can be found in the paper of Ulusoy et al. (2018). A first investigation by photoelectron spectroscopy was performed to compare the coatings deposited in pure argon flow and those deposited with a small amount of oxygen. The deposition parameters are given in Table 6:7. 
 LLTO-0

O70424 
LLTO-1 
O70425 

Target Li0.5La0.5TiO3 Li0.5La0.5TiO3 
Applied power RF 100 W RF 100 W 
Temperature 250°C 250°C 
Deposition time 90 min 90 min 
Ar / sccm 50.0 50.0 
O2 / sccm / 0.5 
O2/Ar mass flow ratio 0 0.01 
Working pressure 4,5.10-3 mbar 4,5.10-3 mbar 

Table 6:7 Deposition parameters. X-ray photoelectron spectroscopy was performed on the samples right after deposition without taking the samples out of the vacuum. The survey spectrum, La 3d, O 1s, and Ti 2p core levels peaks, are shown in Figure 6:19. In the survey spectrum of the two LLTO samples, numerous peaks can be observed; they correspond to the La 3d, O 1s, Ti 2p, La 4p, La 4d, Ti 3p core levels and to the OKLL and LaMNN Auger peaks. Smaller peaks, invisible on the scale of the survey spectrum, are also present: the Ti 3s, Ti 3p, La 5p and Ti 3d core levels. The Li 1s and O 2s core levels peaks cannot be 
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distinguished. The position of the core-level peaks of the La 3d5/2, O 1s and Ti 2p are in ac-cordance with results from Pham et al. (2004) as depicted in Figure 6:19 with dashed lines. 

 
Figure 6:19   XPS of the survey spectrum, La 3d, O 1s, and Ti 2p peaks. Peak positions from (Pham, 2004). 

The core level peak of La 3d exhibits a complex shape due to the well-separated spin-orbit com-

ponents being further divided by multiplet splitting: the four visible peaks are due to one chemi-

cal state. The La 3d shake-up satellites, core-holes and plasmons play a role in the complex shape 

of the La 3d region (Sunding, 2011). The multiplet separation of the La 3d3/2 and La 3d5/2 is typi-

cal of the oxidation state of lanthanum. The typical value for La2O3, e.g. La having an oxidation 

state +III, is 4.6 eV. For both samples LLTO-0 and LLTO-1, this separation was found to be 4.5 

eV, therefore suggesting a La3+ oxidation state.  

The O 1s peak was found to be around 530.6 eV and is composed of the contributions from the 

three atoms it might be linked to: Li, La and Ti. Binding energy values for O 1s core level peak in 

mixed perovskite crystals are usually in the range 228-232 eV (Pawlak, 2002).  
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The Ti 2p core level peak displays two spin-orbit components Ti 2p1/2 and Ti 2p3/2, which are clearly separated. The split value is indicative of the chemical state and is 6.1 eV for Ti metal and 5.7 eV for fully oxidized Ti (Biesinger, 2010). Usually, 2p1/2 and 2p3/2 components have the same full width at half maximum; however for titanium, the Ti 2p1/2 is much broader than the Ti 2p3/2 peak due to the Coster-Kronig effect, the Ti2p1/2 state being very 

short-lived compared to Ti 2p3/2 state. The measured split for both samples LLTO-0 and LLTO-1 is 5.7 eV, indicating an oxidation state Ti4+.  The lithium core level peak cannot be distinguished due to its low sensitivity factor; there-fore the precise chemical composition of the studied samples cannot be determined. How-ever, to determine if some oxygen is needed in the plasma, the ratio of oxygen to titanium and lanthanum to titanium were determined by integrating the core levels of La3d, Ti 2p and O 1s after subtraction of a Shirley background. The results are presented in Table 6:8. 
 Li / at.% La / at.% Ti / at.% O / at.% O/Ti La/Ti 

LLTO-0 <d.l. 9.7 18.5 71.7 3.88 0.52 
LLTO-1 <d.l. 9.3 17.9 72.7 4.06 0.52 

Table 6:8   Chemical composition obtained by integration of the La 3d, Ti 2p and O 1s core level peaks. The lithium 
peak was below the detection limit (d.l.). The sample LLTO-0 was deposited without oxygen in the plasma: a ratio of O/Ti = 3.88 was obtained. The target from which it is sputtered has the following stoichiometry Li0.5La0.5TiO3 and therefore a ratio of O/Ti = 4 is expected. However, it is common when sputtering from an oxide target to obtain a slightly under-stoichiometric film. During the deposition of sample LLTO-1, a small amount of oxygen was introduced in the plasma (O2/Ar=0.01): a ratio O/Ti = 4.06 was obtained. An atomic ratio of La/Ti = 0.52 was found for both samples which is corresponding to the expected value of 0.5. The Li1s peak could not be observed and could therefore not be used for the determination of the chemical composition. The oxidation states of the elements in Li0.5La0.5TiO3 are Li1+, La3+, Ti4+ and O2-, which is con-sistent with the values determined from the XPS results. The small addition of oxygen in the plasma does not seem to have a strong influence on the oxidation state of the elements. However, it is necessary, and enough, to reach the expected stoichiometry. The peak of lith-ium is not visible: this suggests a deficiency of lithium in the film. It might indicate a loss of lithium during the shipping of the target or during sputtering. 6.2.2 Determination of the optical properties Since LLTO films are mostly studied in the context of thin film batteries, little is known re-garding their optical properties. LLTO coatings were deposited on glass and silicon and 
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their optical properties determined by spectrophotometry and ellipsometry. Table 6:9 indi-cates the process parameters used for the deposition of LLTO samples, whose optical prop-erties were studied. 
 LLTO 

O71026 

Target Li0.5La0.5TiO3 

Applied power RF 100 W 
Substrate Si and glass 
Temperature no heating 
Ar  / sccm 50.0 
O2 / sccm 0.5 
O2/Ar 0.01 
Working pressure 3,9.10-3 mbar 

Table 6:9 Deposition parameters. The spectral transmittance of a sample deposited on glass, along with the one of the glass substrate is presented in Figure 6:20. The sample showed no haze and appeared highly transparent. The light transmittance and solar direct transmittance were determined: τv = 0.79 and τe = 0.81, these high values make LLTO suitable to be used in electrochromic de-vices. Ripples are visible and indicate both a significant thickness of the sample and a differ-ence of refractive index between glass and LLTO. The ripples maxima, equal to the transmit-tance value of the substrate, indicates a very low absorptance (most probably below 1%) and an extinction coefficient k close to zero. The value given for the solar direct transmit-tance and the light transmittance are determined for a film with a certain thickness and would differ for varying thicknesses due to the interference ripples.  

 
Figure 6:20   Spectral transmittance of the LLTO sample (solid line) on glass and the glass substrate alone (dashed 

line). The solar direct transmittance and the light transmittance of the LLTO are indicated. 
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In order to determine precisely the thickness and refractive index of the deposited material, an ellipsometry measurement was performed at three angles. The measured parameters of the ellipse tan (Ψ) and cos(Δ) are presented in Figure 6:21 (solid line). 

 
Figure 6:21   Ellipsometric data of the LLTO sample on Si substrate, tan(Ψ) and cos(Δ), measured in solid line and 

generated from the fitted thicknesses and refractive index in dashed line. The deposited LLTO samples were transparent in the visible range. A Cauchy fit was per-formed to determine the refractive index and thickness material in the range 450 to 900 nm. Hereby, the extinction coefficient k was set to zero, considering that there is no absorp-tion above 450 nm. Below 450 nm, some absorption is present, and therefore this part of the spectrum was not considered in the fitting procedure. The tan(Ψ) and cos(Δ) deter-mined according to this fit are showed in dashed line in Figure 6:21; they are in good agreement with the experimental data, which confirms the assumption that absorption is nearly zero in the range 450-900 nm. The same measurement was performed on samples of various thicknesses deposited with similar parameters; the same refractive index can be used to fit the new data and therefore validate the obtained results. The refractive index and the parameters of the Cauchy distribution law are presented in Figure 6:22. 

 
Figure 6:22   Refractive index of the LLTO samples, deposited with the parameters indicated in Table 6:9, deter-

mined by ellipsometry using a Cauchy distribution law and considering k=0. 
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The LLTO samples deposited were transparent and showed no haze and are therefore can-didates to serve as an electrolyte in devices requiring high transparency in the solar range, such as electrochromic devices. The high refractive index, close to the one of WO3 with about 30% of porosity (see Chapter 5), might be beneficial to reduce the reflection at inter-faces in an all-solid state device.  6.2.3 Challenges for the use in electrochromic devices Further investigations on LLTO were carried out to determine the electrochemical proper-ties and the crystal structure. The samples were mostly deposited at room temperature for the same reason than ITO: high temperature deposition would modify the crystallinity of the underlying layers and lead to unwanted diffusion. X-ray diffraction measurements were performed in order to determine if the samples deposited at room temperature were amor-phous or crystalline. The diffraction pattern measured from a sample deposited with the same parameters as indicated in Table 6:9 (section 6.2.2) is illustrated in Figure 6:23. 

 
Figure 6:23   XRD pattern of a LLTO sample deposited with no substrate heating. No peak distinctive of a crystalline 

phase are observed. The XRD pattern does not exhibit sharp peak typical of a crystal structure: this suggests an amorphous or nanocrystalline structure. The large bump situated around 28.9° is about 5.9° wide at half intensity. According to the Scherrer formula (see Chapter 3), it means that the majority of the crystalline grains are smaller than 1.4 nm, indicating a low long-range order in the atom network.  Electrochemical experiments were carried out in order to determine the ionic conductivity of the deposited thin films with various contact electrodes. However, the signal to noise ra-tio was too low and the ionic conductivity could not be determined. The setup was similar to the one use for LiPON samples. Since the setup was validated for LiPON samples, it seems 
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that the fact that LLTO samples could not be measured would come from the composition or structure of the LLTO films. The lithium was not visible in the XPS experiment and indi-cates that the amount of lithium is the film is lower than expected. Low lithium content would also be detrimental to the ionic conductivity of the film and the fact that the ionic conductivity could not be measured might originate from the low Li content. As an alterna-tive to the ITO substrate, silver was deposited and used as an electrode: the LLTO film showed very poor adhesion to the Ag layer as illustrated in Figure 6:24 and no ionic con-ductivity could be extracted from the electrochemical measurements.  

 
Figure 6:24   SEM image of a LLTO sample deposited on Ag/Si. The inset shows the delamination of the film. The research on LLTO electrolytes is usually performed on samples deposited at elevated temperatures or subjected to a thermal treatment after deposition. In the large scale glazing industry, it is preferable to avoid substrate heating during deposition of coatings, since it requires relatively large effort to obtain homogeneous temperature on large surfaces. Therefore, in this study, room temperature deposition of LLTO was considered. However, a deficiency of lithium in the deposited films is suspected and might originate from a loss of lithium in the target, or during the deposition, which might explain the poor electrochemi-cal results. Post-lithiation for the LLTO films was attempted but a segregation of lithium on the surface of the film could be observed and the ionic conductivity of these samples could not be determined either. Furthermore, LLTO coatings similarly to LiPON coatings require relatively slow deposition rate due to the nature of the target; therefore, another approach was envisaged using a porous metal oxide, Ta2O5, which can be deposited from a metal tar-get.  
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6.3 Tantalum pentoxide as a lithium electrolyte Tantalum pentoxide, noted Ta2O5, is a high band gap insulator material with a high refrac-tive index and low absorption: it is widely used for capacitors and optical coatings. It was identified long ago, as a proton conducting material that could be used in electrochromic devices (Ozer, 1997); however, the use of tantalum pentoxide (Ta2O5) to operate as a Li+ ion conductor in an all-solid-state device was not as widespread (Frenning, 2001; Dong, 2018). Using a metal oxide electrolyte is advantageous because of the low cost and higher deposi-tion rate of metal targets compared to lithium containing targets. 6.3.1 Optimization of the deposition parameters When depositing ceramic coatings via reactive magnetron sputtering, the oxygen partial pressure to obtain a fully oxidized sample must be determined. In DC or bipolar-pulse DC sputtering, a convenient way to do so is to monitor the discharge voltage, for a constant power, as a function of the increase of the oxygen level. Figure 6:25 shows the evolution of the discharge voltage of the Ta target with a constant applied power of 100 W, an argon level set to 17 and a working pressure of 2,5.10-2 mbar (12 ¾ turns). 

  
Figure 6:25   Discharge voltage on the Ta target as a function of the oxygen level. The process parameters are cho-

sen at the end of the transition zone. Three zones can be observed corresponding to three targets modes: metallic, transition and poisoned. For a fully oxidized coating, the process parameters should be chosen at the end of the transition zone: here, a working point of O2 at 40.0 was chosen. The obtained sample was highly transparent, as can be seen in Figure 6:26. 
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Figure 6:26   Spectral transmittance, reflectance and absorptance of the sample deposited with the parameters 

chosen. The absorptance is below 1 % in most of the visible range. Furthermore, the sample, deposited at a high working pressure, did not exhibit haze, indi-cating that the porosity induced by the process is smaller than the wavelength of light. Fur-ther characterization was performed by ellipsometry in order to evaluate the degree of po-rosity. 6.3.2 Characterization of the porosity Nanoporosity was shown to be beneficial to the insertion of Li+ ions in WO3; therefore, a similar approach was chosen for Ta2O5 and samples were deposited at various working pressure as indicated in Table 6:10. Samples 3, 4 and 5 were expected to have high porosity. The oxygen to argon mass flow ratio was adapted to the other process parameters in order to obtain only fully oxidized samples. 
 1 

A80318 
2  

O80213 
3  

O80215 
4  

O80305 
5  

O80319-2 

Target Ta Ta Ta Ta Ta 
Applied power DC-p 150 W DC-p 50 W DC-p 50 W DC-p 100 W DC-p 100 W 
Deposition time 70 min 17 min 30 min 30 min 30 min 
Working pressure 2,2.10-3 mbar 2,3.10-3 mbar 2,5.10-2 mbar 2,5.10-2 mbar 2,6.10-2 mbar 

Table 6:10 Deposition parameters: the working pressure is in the 10-3 mbar range for samples 1 and 2 and 10-2 
mbar for samples 3, 4 and 5. The films were deposited on silicon substrate to be studied by ellipsometry. All the consid-ered samples were transparent and could be fitted using a Cauchy distribution law; the ob-tained results for one of the Ta2O5 coating (sample 4) are displayed in Figure 6:27. 



154 Thèse de doctorat Olivia Bouvard
 

154 

 
Figure 6:27   Ellipsometric data of a Ta2O5 coating (sample 4) on Si substrate, tan(Ψ) and cos(Δ), measured in solid 

line and generated from the fitted thicknesses and refractive index in dashed line. The data generated from the fitting procedure using a Cauchy distribution law is in good agreement with the measured data. The refractive indices determined in this manner are shown in Figure 6:28. 

 
Figure 6:28   Refractive index of the Ta2O5 samples deposited at with working pressure is in the 10-3 mbar range for 

samples 1 and 2 and 10-2 mbar for samples 3, 4 and 5. Precise working pressures are indicated in Table 6:10. Depending on the deposition conditions, refractive indices in the range 1.8 to 2.2 at 550 nm were obtained. Sample 1 was deposited at a low working pressure and high power density in order to obtain a compact sample. Since air has a refractive index of 1, nanoporosity is expected to decrease the value of the refractive index. Sample 2 deposited at a similar low working pressure but with a lower power density shows also a high refractive index indi-cating a low porosity level. The Bruggeman effective medium theory (Bruggeman, 1935) was used to estimate the porosity level in the samples, as performed on WO3 samples (see Chapter 5). The volume fraction of Ta2O5 in a Ta2O5:air matrix was determined and is shown in Table 6:11 along with the thickness and refractive index at 550 nm determined from the ellipsometry measurements. 
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Sample Working pressure thickness / nm n at 550 nm Volume fraction of Ta2O5 Pore volume fraction
1 2,2.10-3 mbar 749.2 2.21 1.00 0 
2 2,3.10-3 mbar 65.3 2.18 0.98 0.02 
3 2,5.10-2 mbar 857.8 1.91 0.76 0.24 
4 2,5.10-2 mbar 222.8 1.88 0.74 0.26 
5 2,6.10-2 mbar 193.3 1.81 0.68 0.32 

Table 6:11 Thickness and refractive index at 550 nm determined by ellipsometry, volume fraction calculated using 
the Bruggeman effective medium theory. Sample 1 was considered fully compact. Sample 3, 4 and 5 deposited at 

high working pressure (10-2 mbar range) exhibit porosity up to 32 %.  Sample 1 deposited at low working pressure and high power density was considered to be fully compact: the other samples are compared to this sample. These results show that in-creasing the working pressure effectively increased the nanoporosity level. Sample 5 depos-ited at 2,6.10-2 mbar shows about 30 % of voids according to this calculation: sample 3 and 4 display around 25 % of porosity. Deposition parameters can thus be chosen to tune the optical and morphological properties of a film to reach the desired properties. 

 
Figure 6:29   SEM image of a Ta2O5 coating (sample 3) showing the porous nature of the film.  Scanning electron microscopy was performed to observe the morphology of the film. An image of sample 3 is shown in Figure 6:29. The in-lens detector (also called Through The Lens detector) was used: it collects the secondary electron in a symmetrical manner allow-ing for a shadow free image with high topographic resolution. A columnar and loose pack-ing morphology can be observed confirming the porous nature of the film. 6.3.3 Ionic and DC conductivity The measurement of the Li ion transport in Ta2O5 coatings requires the presence of lithium and the Ta2O5 films, as deposited, did not contain any lithium. Dry lithiation of the film in order to be able to perform the measurement was attempted: but it created leakage cur-rents between the electrodes and no results could be obtained from the measurements.  
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Another characteristic needed to be used as an electrolyte is to have a low electrical con-ductivity. An estimation of the electronic leakage was determined by applying successive potentials steps for long period of times on a Al/Ta2O5/ITO sample. DC current decay curves were measured for 24h applying a voltage drop of 1, 2 and 3 V as shown in Figure 6:30. 

 
Figure 6:30   Current response measured to applied potential steps of 1, 2 and 3V. The current decreases and reaches a steady state due to the electronic leakage current. The electronic resistance R can be obtained from the slope of voltage-current curve presented in Figure 6:31, the electronic conductivity σ is then determined using eq. (33). 

σ = ܴݐ  ∙  .where t is the thickness and A the contact area (33) ܣ

 
Figure 6:31   Potential-current curve. In this experiment t = 200 nm and A = 3.14 mm2, the resistance defined by the slope of the voltage-current curve was found to be 28.22 kΩ, giving an electronic conductivity σ = 2.3∙10-8 S/cm. The electronic conductivity should be more than ten orders of magnitude lower than the ionic conductivity; usually, electronic conductivities in the range of 10-12 S/cm are expected for electrolytes. During the experiment, it was observed that the film is sensitive to scratches and it might be possible that the installation of electric contacts would 
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deteriorate the film locally; therefore, it might also modify its thickness locally. Further-more, the electronic conductivity was measured perpendicularly to the substrate plane and could have been influenced by small pin-holes. This kind of measurement provides only an upper limit value of the electronic partial conductivity (Su, 2015) and not a single value of the electronic conductivity. Furthermore, the noise observed in Figure 6:30 after few hours of applications of the 3 V potential might indicate other degradations in the film.  6.3.4 Influence of Ta2O5 in a liquid electrolyte device In order to assess if Ta2O5 coatings could be used as solid electrolytes, it was decided to de-posit a layer of Ta2O5 on a WO3/ITO/glass and to assemble it with a NiO/ITO/glass to form a liquid state electrochromic device. The aim is to determine if the Li+ ions can travel through the Ta2O5 coating to intercalate in the WO3 layer. The NiOx counter electrode was deposited on an ITO substrate deposited at room temperature as the ITO layer to be used in all-solid-state devices. The process parameters used for the deposition of the WO3, Ta2O5, NiOx and ITO layers are indicated in Table 6:12; the setup are illustrated in Figure 6:32. 
 WO3 

O80304 
Ta2O5 

O80319-2 
NiVOx

O80319-3 
ITO 

O80326-2 
Target W Ta Ni-V ITO 
Substrate ITO X190/glass WO3/ITO/glass RT-ITO/glass Glass 
Applied power DC 150 W DC-p 100 W DC-p 200 W DC-p 65 W (50 kHz)
Deposition time 30 min 30 min 30 min 20 min 
Ar / sccm 12.5 23.6 41.7 25.0 
O2 / sccm 8.3 4.0 1.0 1.6 
Ratio O2/Ar 66.67 % 16.81 % 2,38 % 6.35 % 
Working pressure 2,0.10-2 mbar 2,6.10-2 mbar 1,6.10-2 mbar 2,6.10-3 mbar 

Table 6:12 Deposition parameters; the samples WO3 was deposited on ITO coated glass with a sheet resistivity of 
15-30 ohm/sq (ITO X190 from Delta Technologies). The NiOx coatings were deposited on an ITO coating deposited 

at room temperature (RT ITO). 

 
Figure 6:32   Illustration of the devices used to study the influence of the Ta2O5 layer (not to scale). The two devices were connected to the potentiostat and chronoamperometry experiments were performed. The applied voltage, the current response and the light transmittance, de-termined from the spectral transmittance measured every 0.5 seconds, are displayed in Figure 6:33Figure 5:17 a), b) and c) respectively.  
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Figure 6:33   Chronoamperometry experiment on the Glass/ITO/WO3-LiPC-NiO/ITO/Glass device and the 

Glass/ITO/WO3/Ta2O5-LiPC-NiO/ITO/Glass device: a) Potential applied, b) current response and c) evolution of the 
transmittance at 550 nm during cycling. d), e) and f) zoom on the first cycle. The applied voltage was successively -2 V and +2 V, each step lasting 20 seconds; five cycles of coloring/bleaching are shown in Figure 6:33. The Ta2O5 layer does not seem to prevent the movement of Li+ ions in the device, this result being promising for the use of Ta2O5 as solid state electrolyte. The current response shape looks similar for both samples; however, the amount of charge passing in the sample with the Ta2O5 layer is higher: 81.9 mC versus 68.0 mC without (for cycle 5). The difference can be observed in the zoomed Figure 6:33 e) were a higher current for the device with a Ta2O5 layer is clearly seen. The variation of the light transmittance during switching is similar in terms of speed and minimum value reached (13.8 and 13.0 %); however, in the clear state, the sample without Ta2O5 reaches higher values (75.7 versus 65.8 % for the sample with Ta2O5). The values of light transmittance τv and capacity Q determined for cycle 5 are indicated in Table 6:13; they were used to calculate the optical density (OD) and the color efficiency (CE). 
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without Ta2O5 with Ta2O5 
τv min / % 13.3 12.1 
τv max / % 74.3 64.9 

Δ τv 61.0 52.8 
inserted capacity Qi / mC 68.0 81.9 

extracted capacity Qe / mC 66.7 81.4 
OD(550) = log (τv max/τv min) 0.75 0.73 

CE (coloring) = OD*A/Qi 69.1 56.0 
CE (discoloring) = OD*A/Qe 70.4 56.4 

Table 6:13 Comparison of the liquid devices with and without a Ta2O5 layer. OD is the optical density, CE the colora-
tion efficiency and A the area of the device. The switching contrast Δτv is lower for the Ta2O5 sample while the inserted charge is high-er; therefore, the color efficiency is lower for this sample. The extra-charge does not lead to an extra coloration; it is possible that the Li+ ions are inserted in the Ta2O5 layer. Tantalum oxides were reported to have a cathodic electrochromic behavior (Granqvist, 1995). Since Ta2O5 is highly transparent in the visible range, this lower light transmittance cannot originate from absorption; it may be due to an additional reflection at the WO3/Ta2O5 inter-face, at the Ta2O5/electrolyte interface or to some bubbles in the liquid electrolyte. The Fig-ure 6:33 shows the spectral transmittance of both devices, as described in Figure 6:32, after connection to the potentiostat but before any cycling test. A lower light and solar direct transmittance is already observed.  

 
Figure 6:34   Spectral transmittance of the Glass/ITO/WO3-LiPC-NiO/ITO/Glass device and the 

Glass/ITO/WO3/Ta2O5-LiPC-NiO/ITO/Glass device after connection to the potentiostat but before any cycling. The tantalum pentoxide layer was shown to allow lithium ions to move from the liquid elec-trolyte to the tungsten trioxide layer; this result suggests that a Ta2O5 film can be used as a solid electrolyte in an all-solid-state device. Furthermore, the ITO substrate used for the counter electrode was deposited at room temperature, as it would be in an all-solid-state device; and the device is moreover well colored after 20 seconds and can discolor in about 5 seconds.  
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6.4 Discussion and perspectives The aim of this chapter was to study potential solid ion conductor for an all-solid-state elec-trochromic device. Two promising electrolytes from the field of thin film batteries were in-vestigated. LiPON were deposited successfully at room temperature with ionic conductivi-ties in the range usually obtained for sputtered LiPON films (Hamon, 2006). An activation energy of 0.6 eV was obtained suggesting a migration of the Li ions through vacancies in the LiPON atom network. Furthermore, it was found that increasing the argon content in the argon-nitrogen plasma can enhance the stability of a LiPON film to ambient air. LLTO which has theoretically higher ionic conductivity than LiPON was also considered. This material is not widely studied in the context of electrochromic devices and therefore, the optical prop-erties are not easily available. It was found than amorphous LLTO films exhibit a high transparency in the solar range with solar direct transmittance and light transmittance of 80%. The refractive index could be determined using a Cauchy distribution law and was found to be relatively similar to that of a tungsten oxide with about 30% porosity. However, the ionic conductivity of the deposited LLTO films could not be assessed, most probably due to insufficient lithium content in the films. The LLTO target was prepared in the framework of collaboration with Izmir institute of technology and is not a commercial product. Loss of lithium may have occurred during the shipping of the target or due to the preparation or deposition conditions. Lithium could not be observed by XPS for the LLTO films, while a Li 1s core level peak was clearly visible for LiPON films. Besides, LiPON and LLTO film require slow deposition rate to avoid a damage of the lithium-containing ceramic target. Tantalum pentoxide was investigated, as a lithium-free electrolyte alternative. This material is widely used in the industry, especially for capacitors and also for optical coatings. The process parameters for the depositions can be adjusted to tailor the refractive index, the porosity and the deposition rate to specific needs. It was not possible to measure the ionic conductivity of the Ta2O5 in the solid state, since it does not contain lithium as-deposited. In order to evaluate if it could be used as an electrolyte for an all-solid-state electrochromic device, a Ta2O5 film was deposited on top of a WO3 coating and assembled with a counter electrode in a liquid device. The light transmittance of the device could still be varied and the switching speed did not seem to be reduced. Therefore, the use of nanoporous Ta2O5 films for all-solid-state devices will be considered in Chapter 7. In a liquid device, the lithi-um is initially contained in the liquid electrolyte; therefore, a way to introduce the lithium in vacuum is needed to produce a solid and inorganic device without the need to charge the electrochromic layer in a liquid bath. 
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 All-solid-state devices Chapter 7 This chapter describes the manufacturing and the study of all-solid state electro-chromic devices. First, a method to supply lithium to the electrochromic layers is presented; its impacts on the optical and electronic properties of the films are characterized. Using the results obtained in the previous chapters and the method to lithiate the films under vacu-um, all-solid-state devices are produced and electrochemical experiments are performed to study their switching behavior. The uses of tantalum pentoxide, as a solid ion conductor, and of nickel-tantalum nanocomposite oxide, as a counter electrode, are investigated.  The goal is to determine if a dry lithiation of the sample is possible without requir-ing lithium compound targets, which are sensitive to humidity, to evaluate if tantalum pent-oxide can be used as a solid electrolyte and to assess the electrochromic behavior of an all-solid-state device comprising such an electrolyte.  
 7.1 Dry lithiation In an electrochromic glazing using a liquid, gel or polymer electrolyte, the lithium is often initially contained in the electrolyte. In order to develop an all-solid-state device fully de-posited under vacuum, a dry lithiation method was developed. It is called dry lithiation in opposition to a wet lithiation, where the electrochromic layer is immersed in a bath con-taining Li+ ions and a voltage applied to drive the Li+ ions from the electrolyte to the elec-trochromic film.  7.1.1 Installation of the dry lithiation setup Alkali metal dispensers are used in industrial sectors such as the manufacture of displays, sensors and electronic devices: they allow the deposition of ultrapure alkali metals, such as lithium, cesium, potassium and sodium. The alkali metal to be deposited is embedded in a stable salt (mostly lithium chromate) and released upon heating. In this work, the transfer chamber of the deposition machine was adapted in order to lithiate the electrochromic lay-ers without taking the samples out of vacuum. An electrical feedthrough was installed in the chamber along with a tunnel equipped with a shutter. On the vacuum side, lithium dispens-ers are hold and connected to the copper wires by copper blocks with screws and on the 
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side of the ambient air, the cable is connected to a DC power supply. The lithium dispenser can thus be heated via resistive heating, letting the lithium evaporate onto the sample placed above, as illustrated in Figure 7:1. A shutter is used to protect the sample during the conditioning step.  
       

 
Figure 7:1   Photography and illustration of the lithiation chamber connected to the deposition chamber. An electrochromic oxide can be deposited in the magnetron sputtering chamber, then con-veyed to the transfer chamber to be lithiated and moved back to the sputtering chamber to deposit a second layer, such as a solid ion conductor, remaining in vacuum during the pro-cess.  7.1.2 Homogeneity of dry lithiation The distance from the sample to the dispenser was chosen to cover the full diameter of the substrate holder (100 mm). In order to estimate the zone which could be lithiated, WO3 was deposited on three glass slide to form a square of 75 mm x 75 mm on the substrate holder and was transferred in the lithiation chamber. Lithium was evaporated: it was observed that the WO3 coatings, which were initially transparent, became blue as illustrated in Figure 7:2, and that the coloration was homogenous.  

 
Figure 7:2   Visual aspect of three glass slides (A, B and C, 25 mm x 75 mm) coated with WO3 and lithiated in situ. 

Initially transparent, the WO3 coatings appear homogeneously blue after lithiation. 
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The spectral transmittance at the center of the three samples was measured and is shown in Figure 7:3. The transmittance of a WO3 coating deposited with the same process parame-ters (except for the duration) is also shown for comparison.   

 
Figure 7:3   Spectral transmittance of the three lithiated WO3 samples. The transmittance of a non-lithiated WO3 

sample deposited with the same process parameters but for a longer deposition time is also shown. A slight deviation is observed, especially with sample A, which has an average transmit-tance difference of 5 % compared to sample B and C. This could be due either to a partial shading of the Li dispenser by the protection tunnel or to the position of the sample above maybe not perfectly centered. This experiment demonstrates that a relatively uniform col-oration can be obtained using lithium evaporation in vacuum.  7.1.3 Spectral transmittance of WO3 as a function of Li insertion In the previous section, only one dispenser, containing 1.7 mg of Li, was used. The transmit-tance is reduced but the sample is not dark enough to represent the colored state of the electrochromic layer. Successive lithiation steps were applied and the decrease in transmit-tance measured. The sample was brought to the air to be measured and placed back in vac-uum to undergo the next lithiation step. The WO3 sample was deposited on an ITO/glass substrate according to the parameters indicated in Table 7:1 (sample A). 
 Sample A

O71219 
Sample B 
O80219 

Applied power DC-p 150 W DC-p 150 W 

Substrate ITO coated glass 
and Si (for ellipsometry) glass 

Deposition time 90 min 10 min
Ar / sccm 12.5 12.5
O2 / sccm 8.3 8.3
Ratio O2/Ar 66.67 % 66.67 %
Working pressure 2,5.10-2 mbar 2,0.10-2 mbar 

Table 7:1 Deposition parameters. 
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The thickness of the WO3 layer of sample A was estimated by ellipsometry to be about 1290 nm. Six successive lithiation steps were performed and the spectral transmittance meas-ured after each of them is shown in Figure 7:4. The solar direct transmittance and the light transmittance were determined for each spectrum and are indicated in Table 7:2. 

 
Figure 7:4   Spectral transmittance of sample A after successive lithiations, the legend indicates the number of lithi-

ation steps. 

lithiation steps τe τv 

0 79.6% 85.3% 
1 29.0% 37.7%
2 14.0% 17.1%
3 10.6% 10.8%
4 6.9% 6.3%
5 5.2% 4.1%
6 3.1% 2.0%

Table 7:2 Evolution of solar direct transmittance τe and light transmittance τv of WO3/glass as a function of the 
number of lithiation steps. The spectral transmittance of the WO3 sample decreases as the amount of lithium in the film is increased. As deposited, the solar direct transmittance is close to 80 % and the light transmittance above 85 %, which is common for stoichiometric WO3. Upon dry lithiation, the sample can reach remarkably low transmittance value, the solar direct transmittance being close to 3 % and the light transmittance to 2 % after six successive lithiation.  Ashrit et al. (1993) also presented a method of dry lithiation were a lithium niobate powder is heat-treated under vacuum to release lithium atoms. They studied the optical properties of dry lithiated tungsten oxide; the minimum light transmittance reached was about 20 % with an effect of saturation after a few numbers of lithiations. Using the same method, Ashrit (2001) and Beydaghyan et al. (2008) studied the influence of the crystalline struc-ture and morphology, respectively, of tungsten trioxide under dry lithiation; a reduction of the transmittance to about 50 % in the solar range was reported.  
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The decrease observed for sample A is especially large in the range 600 – 1300 nm causing a modification of the color perceived through the sample. The color coordinates were de-termined for each spectra and the x, y coordinates plotted in the CIE 1931 2° diagram in Figure 7:5 a) highlighting the variation of the hue. The light transmittance reported in Table 7:2 was plotted in Figure 7:5 b) to illustrate how the sample is darkening. 

 
Figure 7:5   a) x, y color coordinates and b) light transmittance τv of the sample A before (0) after successive (1 to 6) 
lithiations. The arrow indicates the direction of the hue modification with successive lithiations steps i. An exponen-
tial decay of the light transmittance is observed. The optical density OD representing log(τv0/τvi), is plotted in inset. The transmitted color is modified from transparent to blue. In the meantime, the sample also becomes darker. The light transmittance is decreased by a factor 40 between the ‘as-deposited’ sample and the one subjected to six lithiation steps. This coloration phenomenon is due to the reduction of tungsten oxidation state, as explained in Chapter 2 and observed by XPS in the next section. Since the evaporation of lithium causes the coloration of tung-sten, it suggests that Li atoms effectively enter the WO3 layer and do not remain on the sur-face. Furthermore, the exponential decay of the light transmittance suggests a Beer-Lambert relationship between the number of atoms intercalated in the sample and the opti-cal transmittance, see eq. (4) (Scarminio, 1999).   −log ூ(ఒ)ூబ(ఒ) = − log T(λ) = − log ߬௩ ≡  .ఛೡ  (34) where I0 and I are, respectively, the intensity of the incident and transmitted intensities at the wavelength λ, T(λ) is the spectral transmittance and OD is the optical density being equal to the logarithm of the initial transmittance over the transmittance of the colored sampleܦܱ
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Thus, the optical density OD and the coloration efficiency CE can be defined as a function of the number of lithiation steps as shown in Table 7:3.  
lithiation steps i OD = log(τv0/τvi) CE / Li step 

0 - - 
1 0.35 0.35
2 0.70 0.34
3 0.90 0.20
4 1.13 0.23
5 1.32 0.19
6 1.63 0.31

Table 7:3 Evolution of the optical density OD and the coloration efficiency CE of WO3/glass as a function of the 
number of lithiation steps. The optical density is plotted in inset in Figure 7:5 b) and shows a linear trend confirming the applicability of the Beer-Lambert relationship. The coloration efficiency per lithiation steps is rather similar for the six lithiation steps with values of 0.27±0.08 per lithiation step. However, a decreasing trend is observed suggesting an easier intercalation at the beginning of the lithiation procedure when all intercalation sites are free.  A similar experiment was performed with a thin WO3 layer (~140 nm), whose deposition parameters are described in Table 7:1 (sample B). The spectral transmittance before and after two lithiations is shown in Figure 7:6. 

 
Figure 7:6   Spectral transmittance of the thin WO3 sample B before and after 1 and 2 lithiations. After the second 

lithiation, a brownish tint is observed. Sample B being almost ten times thinner than sample A, lithiation saturation of the layer appears much quicker. Excessive lithiation of a thin WO3 layer lead to a brownish color of the sample. The spectra in Figure 7:6 show a decrease in transmittance in the short wave-lengths (400-450 nm). WO2 crystal is known to present a bronze color (Wells, 1984) and 
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addition of lithium could further reduce tungsten: this effect is attributed to the formation of W4+ oxidation state. This oxidation state does not present a reversible electrochromism and is therefore not desirable. Excessive lithiation should be avoided and is also related to the fact that in thin film batteries based on lithium, overcharging should be strictly avoided. 7.1.4 Electronic structure of WO3 with Li insertion The effect of lithium insertion on the electronic properties of tungsten trioxide was studied by photoelectron spectroscopy. A WO3 coating (~140 nm) was deposited on silicon and on glass according to the parameters described in Table 7:1 (sample B). The silicon substrate coated with WO3 was transferred to the XPS/UPS measurement chamber and the WO3 coat-ed glass was brought to the air to be measured. After lithiation (Sample B WO3+1Li), a de-crease in transmittance and a blue color are observed, similarly to previous experiments. Lithium is expected to have entered the WO3 film. The film was studied by photoelectron spectroscopy to understand the influence of lithium on its electronic and optical properties. X-ray photoelectron spectroscopy was used and the spectra of the W4f and O1s core levels are shown in Figure 7:7. 

 
Figure 7:7   W4f and O1s core level spectra. The binding energy of Li 1s is usually about 54 eV, no corresponding 

peak is observed. However, the shape of the W4f peak is strongly modified after lithiation. The W4f core level of the sample before lithiation is typical of a 4f5/2 and 7/2 doublet, corre-sponding to the W6+ oxidation state with a doublet separation of 2.1 eV. The core level of the lithiated sample exhibits a broad peak, with a maximum at 36.4 eV and a complex shape indicating the superposition of various doublets. The Li1s core level is usually found be-tween 50 and 56 eV depending on its chemical state, Ozer and Lampert (1999) determined a position of 53.6 eV for Li 1s in lithiated WO3-V2O5 films after cycling. A peak correspond-ing to Li1s, in Figure 7:7 a), could not be observed which indicates that the quantity of lithi-um present at the surface of the film is below the detection limit of XPS. The O1s core level spectra of the sample before lithiation exhibits a peak at 530.4 eV, which is close to values 
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found in the literature (Naumkin, 2012). After lithiation, a broadening of the peak and a shift toward higher binding energies (maximum at 531 eV) is observed. For comparison, in WO2, O1s peak values from 530.4 to 531 eV were reported (Naumkin, 2012) and in Li2W2O7 a value of 531 eV was reported by Chowdari et al. (1992). Therefore this shift could be at-tributed to the influence of lithium or the reduction of the tungsten oxidation state. The in-tegration of the core level spectra of W4f and O1s peak area after subtraction of a Shirley background was performed to determine the oxygen to tungsten ratio of the samples; it was found to be O:W = 3.0 for both samples suggesting that the lithium insertion does not in-duce a formation of oxygen vacancies. For a better understanding of the shape of the W4f peaks, a deconvolution, using Gaussian-Lorentzian contributions after subtraction of a Shirley background, was performed as shown in Figure 7:8.  

 
Figure 7:8   Deconvolution of the W4f core level spectra before and after lithiation. The complex shape of the W4f 

peak after lithiation is attributed to the presence of three oxidation states of tungsten.  Before lithiation, the theoretical curve corresponding to a single doublet respecting the ra-tio of 3:4 for 4f5/2 and 7/2 components could fit the experimental data. After lithiation, the broad shape was fitted considering the presence of three oxidation states W6+, W5+ and W4+, taking into account the contribution of the W5p3/2 peak around 41 eV. The contribution of each oxidation state was determined by comparing the relative area of the three doublets, the results being indicated in Table 7:4. 
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oxidation state before lithiation after lithiation 

W6+ 100 % 46.8 % 
W5+ - 39.2 %
W4+ - 14.0 %

Table 7:4 Relative contribution of the three oxidation states of tungsten on the shape of the W4f peak calculated 
from the area under each doublet. Before lithiation, the sample appears to be stoichiometric, showing only one W4f doublet. After lithiation, the O:W atomic ratio is still 3.0 but the W4f core level indicates a reduction of the oxidation state of tungsten, about 40 % being attributed to W5+ and 14% to W4+. The presence of W5+ is commonly linked to the blue color of lithiated tungsten oxide, as is the case for under-stoichiometric tungsten trioxide. The presence of W4+ oxidation state is gen-erally not desirable for electrochromic applications, it might occur due to the thin layer used for this experiment. Only 140 nm of WO3 was deposited similarly to sample B, and in contrast with sample A studied in Figure 7:4 (~1290 nm). A second lithiation was shown to strongly modify the transmittance of sample B suggesting an irreversible reduction to W4+. Sufficient thickness of WO3 was found to be necessary in order to obtain a sufficiently dark blue-coloration. The oxygen to tungsten ratio remained unchanged after lithiation, while the W4f peaks clearly indicates a reduction of the oxidation state of the tungsten. This confirms a reduc-tion of tungsten by lithium as suggested by the blue color of the sample after lithiation. The modification of the electronic structure of tungsten can also be observed in the valence band region using UV-photoelectron spectroscopy (UPS) as shown in Figure 7:9. 

  
Figure 7:9   He I valence-band spectra obtained by UPS from the WO3 sample before and after lithiation. Inset, 

zoom into the region of the Fermi level when new states can be observed. These states can be related to the charge 
distribution illustrated in Chapter 1 Figure 1:15 (Bondarenko, 2015). 
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Before lithiation, a maximum can be observed at approximately 8 eV; in addition, a feature can be observed around 5 eV. The region at approximately 6 eV is generally assigned to a hybridized W 5d-O 2p band (Höchst, 1982; Du, 2014) and the one at 4 eV is assigned to the O 2p derived band (Höchst, 1982; Du, 2014). After lithiation, the observed shape of the va-lence band is strongly modified with a broad maximum around 6.5 eV, states appearing in the vicinity of the fermi level with small features around 2 and 0.5 eV. These features are indicative of new occupied states forming inside the band gap (Vasilopoulou, 2014). The onset edge of the valence band spectra is shifting towards higher binding energies, indicat-ing a modification of the work function from Φ0= 5.8 eV KE to Φ1= 4.2 eV KE.  In Chapter 5, the valence band of under-stoichiometric tungsten trioxide was observed by UPS. The spectra obtained for the lithiated WO3 and the under-stoichiometric WO2.7 sample are shown in Figure 7:10; comparable features are observed in the vicinity of the Fermi lev-el and suggest similarities between the reduction of tungsten by lithium or by oxygen va-cancies. However, the work function of the under-stoichiometric oxide determined to be Φx= 6.0 eV KE is close to the one determined for stoichiometric WO3 (Φ0= 5.8 eV KE), while it is strongly reduced by the addition of lithium (Φ1= 4.2 eV KE). 

 
Figure 7:10   He I valence-band spectra obtained by UPS from the WO3 sample before and after lithiation compared 
to the under-stoichiometric WO2.7 studied in Chapter 5. Inset, zoom into the region of the Fermi level. These states 
can be related to the charge distribution illustrated in Chapter 1 Figure 1:15. Similar features are observed in the 

vicinity of the Fermi level in the lithiated and under-stoichiometric tungsten trioxide.  According to the first principle calculations of Mahmoudi et al. (2016), the introduction of a lithium ion in a cubic WO3 structure would lead to the formation of states near the Fermi level. They attribute it to the displacement of the “d” states of the W atoms to the conduc-tion band. In the same publication, the “s” states of Li were found to have a very low occupa-tion, indicating that Li remains ionized in the tungsten oxide (Mahmoudi, 2016). Bondaren-ko et al. (2015) calculated the energy barriers for polaron propagation and suggest that 
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W5+-W5+ bipolarons situated along the [001] plane are the most favorable electronic config-uration both in the presence of oxygen vacancy or intercalated Li ions (Bondarenko, 2015). The low occupation states due to Li might be followed by a minimum in the unoccupied states around 2.5 eV allowing the blue (~3.1 eV) to be transmitted while the red (~1.9 eV) is absorbed. This would explain the typical blue color in transmission of electrochromic tungsten oxide.  
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7.2 Inorganic electrochromic devices 7.2.1 Preparation of the samples All-solid-state electrochromic devices were prepared on ITO coated glass substrate. A part of the ITO was masked to leave space for contacts, then the tungsten oxide layer was depos-ited and lithiated followed by the deposition of a thin layer of solid ion conductor. A second mask, illustrated in Figure 7:2 a), was used to delimitate a second layer of solid ion conduc-tor, the counter electrode (nickel oxides) and the top ITO coating. The device architecture is depicted in Figure 7:2 b).  

a)   b)  
Figure 7:11   a) Mask used to produce the all-solid-state devices. b) Architecture of the all-solid-state devices. An 

ITO/coated glass is used as a substrate, a part of the ITO is masked. After deposition and lithiation of the WO3 layer 
and of the solid ion conductor, the mask depicted in Figure 7:11 a) is applied. Then a second layer of solid ion con-

ductor is deposited, followed by a nickel oxide and a top ITO layer. The mask is made of two layers of stainless steel, a thin one (0.05 mm) flexible, allowing a good contact and a thicker one (1 mm) to keep the first mask in place: they hold onto the substrate holder thanks to vented screws. From this setup, up to seven identical devices could be produced in the same deposition run. In the photography of Figure 7:2 a), a piece of silicon was placed in one of the circles delimited by the mask in order to be able to meas-ure thickness by profilometry and observe the morphology by SEM more easily. A NiVOx/LiPON/WO3 stack deposited on silicon is shown in Figure 7:12; the columnar and loose-packing structure of the tungsten and nickel oxides can be observed. Electrochemical measurements on this sample were not possible due to the presence of leakage currents between the bottom and top conductive layers causing the discoloring of the sample after few hours. 
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Figure 7:12   SEM cross-section image of a NiVOx/LiPON/WO3 stack deposited on silicon and cleaved. Using the described mask, a clear separation of the bottom and top ITO is obtained: no short circuit coming from the sides could be observed. However, some devices appeared to have some shunts between the top and bottom ITO electrodes. A full device is about one micron thick and many dust particles larger than a micron are present in ambient air as indicated in Table 7:5. These particles might create pinholes in the layer, which can then be filled by the conductive layer and induce leakage currents.  In order to avoid short circuits in the devices, a vertical laminar air flow hood was installed above the transfer chamber as shown in Figure 7:13.  

 
Figure 7:13   Installation of a laminar flow hood above the transfer chamber to reduce dust contamination. 
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  Measured number of particles/m3 Max. number of particles/m3

particle  
max. size ambient air Hood on, no 

curtain 
Hood on, 

shielding screen
ISO 5  

Class 100 
ISO 6  

Class 1000 
0.3 μm 2 866 667 30 000 3 667 10 200 102 000 
1.1 μm 173 333 2 333 400 832 8 320 
5 μm 10 000 200 0 29 293 

Table 7:5 Number of particles according to their maximum size measured at the level of the entrance of the trans-
fer chamber. For comparison, the admissible values ISO 14644-1 Cleanroom Standards and its FED STD 209E 

equivalent are also indicated. Using the laminar air flow hood with the shielding screen, levels equivalent to a 
cleanroom ISO 5 are achieved at the entrance of the transfer chamber. The hood filters the ambient air and pushes it in a laminar flow above the machine. The number of particles is drastically reduced upon installation of a laminar flow hood and the installation of shielding screen as indicated in Table 7:5. This setting made it possible to produce functional electrochromic stacks. 7.2.2 Solid state device using tantalum pentoxide as an electrolyte A Glass/ITO/WO3/Ta2O5/Ni-V-O/ITO device was deposited according to the parameters given in Table 7:6 and using the masks described in section 7.2.1. An all-solid-state device, using Ta2O5 as an electrolyte, was thus obtained. An image of the cross-section was made using a scanning electron microscope and is displayed in Figure 7:14: the columnar and po-rous morphology of the layers can be observed. The image was obtained using the InLens detector which detects secondary electrons through the lens; a high topography contrast with little shadow can be acquired. All layers were deposited without heating the substrate; XRD analysis revealed that only the nickel oxide layer exhibits X-ray crystallinity, the other ones being amorphous or nano-crystalline.  

ECS80330-1h WO3 Lithiation Ta2O5 NiVOx ITO 

Target W Li dispenser x 7 Ta Ni-V ITO 

Applied power DC 150 W 7,3 A  DC-p 100 W DC-p 200 W DC-p 65 W (50 kHz, 
τOFF = 2016 ns) 

Deposition time 90 min 7 x 60 min 2 x 15 min 30 min 45 min 
Ar / sccm 12.5 - 23.6 41.7 25.0 
O2 / sccm 8.3 - 4.0 1.0 1.6 
Ratio O2/Ar 66.67 % 0 / no process gas 16.8 % 2,38 % 6.35 % 

Working pressure 2,4.10-2 mbar 10-6 - 10-7 mbar
(transfer chamber) 2,5.10-2 mbar 1,6.10-2 mbar 2,6.10-3 mbar 

Table 7:6 Deposition parameters; the WO3 layer was deposited on ITO coated glass with a sheet resistivity of 15-30 
ohm/sq (ITO X190 from Delta Technologies) and on silicon. The sample was taken to air after the WO3 deposition 

and between the two Ta2O5 layers to apply the mask.   
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Figure 7:14   Secondary electrons image of the cross-section of the cleaved Si/WO3/Ta2O5/Ni-V-O/ITO sample. The 

columnar and loose packing structure of the layers can be observed. The transmittance spectra of the device as deposited, after connection to the potentiostat and after bleaching, are shown in Figure 7:15, their color coordinates are indicated in Fig-ure 7:16.  

 
Figure 7:15   Spectral transmittance of the Glass/ITO/WO3/Ta2O5/NiVOx/ITO device as-deposited, after connection 

of the device to the potentiostat and after bleaching. As-deposited, the solar direct transmittance is only 2.4%. 
After connection to the potentiostat, the device started to discolor slightly. 
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Figure 7:16   x, y color coordinates of the sample Glass/ITO/WO3/Ta2O5/NiO/ITO device as deposited, after con-

nection of the device to the potentiostat and after bleaching. Due to the in-situ lithiation, the ‘as-deposited’ sample is dark blue with a solar direct trans-mittance as low as 2.4 %. Silver paint was applied on the top and bottom ITO and the device connected to a potentiostat to be cycled. Before starting the chronoamperometry experi-ment, the sample begun to discolor, as can be seen from the transmittance spectrum. Upon application of a voltage, the device could be discolored reaching a light transmittance larger than 60% with a slight yellow tint.  The fact that the sample started to discolor when connected to the potentiostat might indi-cate an external current leading the “battery” made from the electrochromic device to “dis-charge” in the potentiostat, whose impedance is not seen as infinite by the device. The sam-ple was cycled but could not reach again the dark level of the ‘as-deposited’ state; this could be due to some lithium trapped in the other layers or to a discharge of the device during the charging step. It might also indicate that the counter electrode is not thick enough to ac-commodate all the lithium ions inserted in the device, leading to lithium ions reaching the ITO layer in an irreversible process. Nonetheless, this experiment confirms that Ta2O5 can act as an ion conductor and is not blocking the way of Li+ ions.  7.2.3 Chronoamperometry with in situ spectrophotometry Another Glass/ITO/WO3/Ta2O5/Ni-V-O/ITO device was deposited using the process pa-rameters indicated in Table 7:7. After deposition, silver paste was applied on the ITO elec-trodes. The resistance of the device was tested using a multimeter and a diode behavior was observed, as illustrated in Figure 7:17. No current can be detected using a multimeter from the top ITO electrode to the bottom one, but current can flow in the reverse direction with a resistance of about 4 MΩ.  
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ECS80418B WO3 Lithiation Ta2O5 NiOx RT-ITO 

Target W Li dispenser x 7 Ta Ni-V ITO 
Applied power DC 150 W 7,3 A DC-p 100 W DC-p 200 W RF 75 W  
Deposition time 45 min 7 x 60 min 2 x 15 min 60 min 45 min 
Ar / sccm 12.5 - 23.6 41.7 25.0 
O2 / sccm 8.3 - 4.0 1.0 0.4 
Ratio O2/Ar 66.67 % 0, no gas 16.8 % 2,38 % 1.6 % 

Working pressure 2,4.10-2 mbar 10-6 - 10-7 mbar
(transfer chamber) 3.10-2 mbar 1,6.10-2 mbar 3,6.10-3 mbar 

Table 7:7   Deposition parameters; the WO3 layer was deposited on ITO coated glass with a sheet resistivity of 15-
30 ohm/sq (ITO X190 from Delta Technologies). The sample was taken to air between the two Ta2O5 layers to apply 

the mask. 

 
Figure 7:17   Direction of the diode behavior observed. The current can flow from the bottom ITO electrode to the 

top one with a resistance of about 4 MΩ but cannot be detected by a multimeter in the reverse direction. While stoichiometric NiO and Ta2O5 are insulators at room temperature, doped or non-stoichiometric nickel oxides are usually p-type semiconductor (Grilli, 2016); however, ITO is a well-known n-type semiconductor (Kim, 1999). Therefore, a PN junction might be formed at the Ni-V-O/ITO interface and causes the diode behavior.    Various chronoamperometry experiments (CA) with in situ spectrophotometry were per-formed on the sample; some are shown in Figure 7:18. The transmittance spectra were rec-orded every 0.5 second and were integrated to obtain the solar direct transmittance τe and the light transmittance τv. A first experiment with long time step (in CA1 the applied voltage is -2.5 V and + 2.5V for 120s and 40s respectively) were applied to determine the minimum and maximum solar transmittance; then a voltage of -2.0 V and +2.0V is used and various time steps were applied as indicated in Figure 7:18. The solar transmittance varied between 6 % and 51 % during CA1, CA2 and CA3 (these values are represented by the dashed lines). In CA4, the solar transmittance varied between 10 and 50 %, indicating that in 10s the de-vice is almost fully bleached and colored at 90%. The switching speed ts can be defined as the speed needed to reach 95 % of the full coloration, for this sample ts = 17 s for coloration and ts = 13 s for bleaching. As observed in the liquid electrochromic devices, the coloration needs more time than the bleaching: this may be due to the diode behavior since the bleach-ing occurs when the applied potential is positive (i.e. the direction of the current being from the bottom to the top electrode). In Figure 7:19, selected cycles from CA3 and CA4 are shown with the associated current response.  
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Figure 7:18   Chronoamperometry experiment on the Glass/ITO/WO3/Ta2O5/Ni-V-O/ITO device: evolution of the 
solar direct transmittance τe (in red) during 4 chronoamperometry (CA) experiments. The dashed lines represent 

the minimum and maximum solar direct transmittance reached.   

 
Figure 7:19   Chronoamperometry experiment on the Glass/ITO/WO3/Ta2O5/Ni-V-O/ITO device: a) Potential ap-

plied, b) current response and c) evolution of the solar direct transmittance τe (in red) and light transmittance τv (in 
green) during CA3 and CA4.  The light transmittance and capacity observed for CA3 and CA4 are indicated in Table 7:8; they were used to assess the optical density OD and the coloration efficiency CE of the de-vice. It can be observed that, despite a yellow tint, the coloration efficiency of the device 
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reach 63 cm2.C-1 for CA4 which is larger than what was obtained for the liquid electro-chromic device and a rather good performance compared to the values found in literature (Dong, 2018; Zhou, 2017b). For CA3, where the charging step is 30s, the coloration efficien-cy is only 43.7 cm2.C-1, indicating that when the device is fully coloured, some charges are lost for non-colouring processes. 
CA3

+/-2.0V 30s 
CA4 

+/-2.0V 10s 
τv min / % 4.5 7.8 
τv max / % 48.9 46.6 

Δ τv 44.4 38.8 
inserted capacity Qi / mC 38.2 21.8 

OD(vis) = log (τv max/τv min) 1.04 0.78 
CE (coloring)  /    cm2.C-1 43.7 63.0 

Table 7:8 Properties of the all-solid-state device with an active electrode area of 1.77 cm2. The color coordinates were determined for each measured transmittance spectrum during the CA4 experiment and are plotted in Figure 7:20. It can be observed that the device shows a yellow hue during the full experiment: it does not reach the dark blue tint of lithiated tungsten oxide alone. 

 
Figure 7:20   x, y color coordinates of the Glass/ITO/WO3/Ta2O5/Ni-V-O/ITO sample during the chronoamperometry 

experiment.  The thickness of the WO3 layer in this device is thinner (~650 nm) than the one of the sam-ple described in section 7.1.3 (~1290 nm), while the thickness of the nickel oxide is larger (~800 nm). The yellow tint is due to the nickel vanadium oxide layer and impacts also the dark state, because the WO3 layer is too thin to reach a strong dark blue.  
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7.3 Towards devices based on nanocomposites In an electrochromic device using a liquid electrolyte, the electrochromic layers are porous in order to facilitate the movement of ions. In a solid state device, interfaces are usually sharper; in order to mimic this porosity at a smaller scale nanocomposite layers are envi-sioned. An electrode/electrolyte nanocomposite is expected to create new migration path for the ions through the solid layer. Since tantalum pentoxide was used as a solid electro-lyte, nickel-tantalum oxides are studied for the counter electrode. 7.3.1 Electronic structure of a nickel tantalum oxide A nickel tantalum oxide was studied by photoelectron spectroscopy as deposited and after dry lithiation. It was deposited on a silicon substrate with the deposition parameters given in Table 7:10 for the Ni-Ta-Ox sample, whose optical properties have been studied in the next section. After the UPS and XPS analysis, the sample was transferred under vacuum to the lithiation chamber and two lithium dispensers were evaporated on the sample. UPS and XPS analysis were performed on the same sample after lithiation; the spectra obtained by XPS are shown in Figure 7:21. In the survey spectrum of the ‘as-deposited’ Ni-Ta-O film, before lithiation, the core-level peaks of Ni2s, Ni2p, Ta4s, O1s Ta4p, Ni3s, Ta5s, Ni3p, Ta4f, Ni3d and Ta5d and the Auger peaks of OKLL and NiLMM can be observed. However, after lithi-ation, only the O1s, OKLL, Li1s peaks and a small contribution from the Ta4f peak are visi-ble. The intensity of the Li1s core-level peak is very small compared to that of the O1s due to the small atomic number of Li. 
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Figure 7:21   XPS from the Ni-Ta-O sample before and after lithiation. The Ni and Ta core level peaks cannot be 

detected after lithiation. The analysis of the Ni2p core-level peak shape in a nickel oxide is challenging due to the multiplet splitting and the shake-up and plasmon loss satellite peaks (Besinger, 2009). The main peak of Ni2p3/2 appears to be around 855 eV on the ‘as-deposited’ sample, which sug-gests a Ni2+ oxidation state (NiO compound), while after lithiation, the Ni2p peak is not visi-ble. In the 580-390 eV binding energy region, only the O1s peak is still visible after lithiation and exhibits two distinct peaks while only one could be seen in the ‘as-deposited’ sample. The Ta4d5/2 and 3/2 peaks, occuring around 230 and 241 eV respectively, suggest an oxida-tion state of tantalum of Ta5+ as it would be in the Ta2O5 compound. The chemical composi-tion was determined by integration of the Ni 2p, Ta4d, O1s and Li1s core level peaks after subtraction of a Shirley background and using Scofield sensitivity factors; results are indi-cated in Table 7:9. 
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 Ni / % Ta / % O / % Li / % ratio Ta/Ni ratio O/(Ni+Ta) ratio Li/O 

Ni-Ta-O 40.1 4.6 55.3 0 0.115 1.24 - 

Ni-Ta-O + 2Li ~0.1 ~0.1 33.8 66.0 - - 1.96 

Table 7:9 Chemical composition and atomic ratio obtained by integration of the Ni 2p, Ta4d, O1s and Li1s core level 
peaks. After lithiation, the peaks of Ni and Ta are not strong enough to perform accurate quantification. Therefore, 

the ratio Ta/Ni and O/(Ni+Ta) were not calculated. The Ta/Ni atomic ratio was determined to be 11.5%, which is slightly higher than the target stoichiometry having an atomic ratio of Ta/Ni of 9%. This deviation is slightly larger than the expected error of this method and might indicate a preferential sputtering of tantalum or a segregation of Ta at the surface.  After lithiation, the peaks of Ni and Ta are hardly distinguished, contrary to the Li1s and O1s peaks giving a Li/O atomic ratio of 1.96. This ratio is close to Li2O and can indicate an oxidation of the lithium. Hoenigman et al. (1984) calculated that 50 seconds in a vacuum at 6.7.10-7 mbar would be enough to oxidize lithium. In this study, lithium is deposited on an oxidized surface and under a vacuum in the range of 10-7 mbar, it is then transferred to the measurement chamber and this operation takes about 5-10 minutes. Furthermore, during the XPS analysis the vacuum remains about 1-2. 10-8 mbar for more than ten hours. There-fore, lithium oxides are expected to be present at the surface of the sample. The formation of Li2O and Li2O2 are possible as observed by Wu et al. (2005). Residual water in the vacu-um can also dissociate and form LiOH at the surface, the O1s component associated with LiOH being usually found at about 533 eV (Hoenigman, 1984).  A zoom on the O1s peak of the ‘as-deposited’ and lithiated samples is shown on Figure 7:22 a): before lithiation, one main peak is visible. The O1s position for Ta2O5 and NiO are very similar and two indiscernible components might compose this apparently single peak cen-tered at 530.0 eV. In the NIST database (Naumkin, 2012), the O1s peak in NiO is reported in a range of binding energy values from 528.9 to 531.0 eV while the O1s peak in Ta2O5 is re-ported in the range 529.8-530.8 eV. It can be seen that a single Gaussian-Lorentzian peak shape (GL30) does not correspond precisely to the peak, using two peaks for the deconvolu-tion, many combinations can give a reasonable agreement with the experimental measure-ment but it is not possible to decide which one would have a physical meaning. Further-more, an asymmetry can be observed towards higher binding energies and might be due to a partial screening of electrons which could be fitted using a Doniach-Sunjic line shape, or to defects. After lithiation, the O1s core-level clearly shows two components: one centered at 530.1 eV and the other at 532.8 eV. The first peak has a similar position to the O1s peak be-fore lithiation; considering that Ta and Ni peaks are not visible, it seems that it would main-ly be due to Li2O. The second peak could be due to LiOH, since Li is highly reactive and that the measurement duration is long enough for contamination by residual water vapor in the 
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vacuum (Tanaka, 2000). This second peak was also attributed to Li2O2 in other studies (Wu, 2005). 

a) b)  
Figure 7:22   a) O1s core-level spectra from the Ni-Ta-O sample before and after lithiation. The dashed lines repre-
sent the Shirley background and the purple lines were drawn using a symmetric Gaussian-Lorentzian peak shape. 

After lithiation a second O1s peak appears. b) Li1s and Ta4f core-level spectra from the Ni-Ta-O sample before and 
after lithiation. A zoom on the Li1s and Ta4f peaks is shown in Figure 7:22 b). After lithiation only the Li1s peak is clearly visible and the features towards the low binding energies (20-30 eV) are at-tributed to the Ta4f and O2s core-level peaks. The Li1s peak of metallic Li is usually found at 55.0±0.3 eV (Naumkin, 2012), its value increases towards higher binding energies upon exposure to residual water vapour or oxygen (Hoenigman, 1984). In this study, the Li1s was determined to be at 56 eV, which is consistent with oxidized lithium. The Ta4f peak is a clear doublet with the Ta4f5/2 at 27.55 eV and the Ta4f7/2 at 25.75 eV before lithiation, which seems to indicate a single oxidation state. After lithiation, the Ta4f peak has a com-plex and attenuated broad shape. The small feature towards the low binding energies at around 22 eV is attributed to O2s. In transition metal oxides, a peak of the O2s core level can usually be observed around 22±1.8 eV (Naumkin, 2012); the peak is still visible after lithiation, which might indicate that it is indeed related to oxygen. The feature at about 37 eV is attributed to Ta2O5 plasmon loss and the one at about 17 eV to Ta2O5 satellite peaks. From the universal curve (Seah, 1979), the inelastic mean free path for an inorganic com-pound at a kinetic energy of 1227 eV (corresponding to the binding energy of the Ta4f7/2 peak) is 3.36 nm, while at a kinetic energy of 398 eV (corresponding to the binding energy of the Ni2p3/2 peak) it is only 1.92 nm. Since the Ni2p peaks are not visible but the Ta4f ap-pears slightly, it is believed that a layer of lithium oxides is covering the Ni-Ta-O layer with a thickness of about 2 to 3 nm.  
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The shape of the valence band was studied by UV photoelectron spectroscopy: the spectra obtained from the Helium I and Helium II sources are shown in Figure 7:23. The spectra are given in binding energy (B.E.), calibrated to the Fermi level of a sputter cleaned Au refer-ence sample.  As-deposited, the shape is analogous to what was observed for NiO with features around 2.2 and 3.6 eV attributed to the Ni d bands and a feature at 4.8 eV originating from the O2p bands (Kuhlenbeck, 1991). In Ta2O5, the valence band is usually dominated by the p-orbitals of oxygen, while the d-orbitals of Ta are in the conduction band (Shvets, 2008). The valence band edge is found at 0.9 eV with a tail towards the Fermi level. After lithiation, the feature around 5 eV cannot be attributed to the O2p in NiO or Ta2O5 since UPS is more surface sensitive than XPS and that the Ni and Ta peaks are not visible in the XPS spectrum. However, the oxygen would still be in the same oxidation state in Li2O and can be attributed to O2p in Li2O (Thorpe, 2013) in accordance with theoretical density of state of Li2O (Liu, 1996) or possibly from O2p in LiOH (Tanaka, 2000). A valence band edge is observed at 4.3 eV. 

 
Figure 7:23   He I and He II valence-band spectra obtained by UPS from the Ni-Ta-O sample before and after lithia-
tion. The black lines on the He I indicate the position of a valence band edge at 0.9 eV for the sample NiTaO and at 

4.3 eV for the sample NiTaO+2Li. From calculations based on density functional theory by Duan and Sorescu (2009), in Li2O, a band with a width of 2.6 eV is present just below the valence band maximum and is mainly due to the interaction of the p orbital of O with the s and p orbitals of Li. Theoretical calcula-tions of the partial density of states of Li2O2, by Garcia-Lastra et al. (2011), shows that the valence band of Li2O2 is dominated by the O 2p bonding and antibonding orbitals (σg, πu and 
π*g) forming narrow bands centered at -5.6, -4.1, and -0.8 eV relative to the top of the va-lence band, respectively. 
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The two prominent features around 7 and 11 eV are assigned to O 2p orbitals in Li2O2 which was found to be present at the top-most surface of over-lithiated oxides (Wu, 2005; Thorpe, 2013). Furthermore, it can be seen that the work function of the sample is strongly modified by the lithiation step (Φ0= 5.3 eV KE before and ΦL= 3.3 eV KE after lithiation). The results from this photoelectron study suggest the formation of an oxidized lithium layer on the surface of the deposited Ni-Ta oxide. The thin film and lithium were deposited simul-taneously on a silicon substrate for UPS and XPS analysis as well as on a glass substrate; it was observed that after lithiation the sample appearance is modified as shown in Figure 7:24, confirming that some of the lithium intercalate in the film even if a part of it remains at the surface. The optical properties of the coating deposited on glass were measured and are presented in the next section. 

 
Figure 7:24   Photography of the Ni-Ta-O sample before (left) and after lithiation (right). A better transparency is 

observed for the lithiated sample. 7.3.2 Optical properties of nanocomposite nickel oxides Dry lithiation was performed on nickels oxides in order to observe if it would also lead to modifications of their optical properties. Nickel oxides from the Ni-V and Ni-Ta targets were deposited on a glass substrate according to the parameters indicated in Table 7:10. They are named hereafter Ni-V-Ox and Ni-Ta-Ox, which does not indicate a stoichiometry.  
 Ni-V-Ox 

O70807-2 
Ni-Ta-Ox 
O80625 

Target Ni-V (92-8 at. %) Ni-Ta (91-9 at. %) 
Applied power DC-p 200 W DC-p 100 W
Substrate glass glass
Deposition time 30 min 30 min
Ar / sccm 41.7 62.6
O2 / sccm 1.0 1.5
Ratio O2/Ar 2.38 % 2.38 %
Working pressure 1,8.10-2 mbar 1,9.10-2 mbar

Table 7:10 Deposition parameters. The spectral transmittance was recorded after deposition of the nickel oxide layer; the samples were placed back in vacuum to undergo three lithiation steps. After each one, their transmittance was measured; the results are displayed in Figure 7:25. 
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Figure 7:25   Spectral transmittance after successive lithiations, the legend indicates the number of lithiation steps 

applied on the a) Ni-V-Ox sample (thickness ~420 nm) and b) Ni-Ta-Ox sample (thickness ~330 nm). As deposited, the Ni-V-Ox sample exhibits a strong brownish color: one lithiation make it brighter and the second and third lithiation have only a little effect of the optical properties. The Ni-Ta-Ox sample has, as deposited, a very slight brown tint. The successive lithiations increase the transmittance especially around 500 nm. The solar direct transmittance and light transmittance of both samples are indicated in Table 7:11. 
 Ni-V-Ox Ni-Ta-Ox 

lithiation steps τe τv τe τv 

0 56.8% 48.5% 66.8% 62.1% 
1 65.7% 60.8% 73.8% 71.5% 
2 66.3% 62.3% 80.6% 83.3% 
3 67.5% 64.3% 81.4% 84.3% 

Table 7:11 Evolution of solar direct transmittance τe and light transmittance τv as a function of the number of lithi-
um dispenser used. The lithiated Ni-Ta-O sample reaches τv  = 84 %. As already showed in Chapter 5, the samples produced from the Ni-Ta target exhibit higher transmittances, especially in the short wavelengths. It has a large influence on the solar di-rect transmittance which goes from 67 % for the Ni-V-Ox sample to 81 % for the Ni-Ta-Ox sample after three lithiations. Furthermore, it seems that the transmittance increase of the sample Ni-V-Ox is not very strong after the first lithiation and might imply saturation. This low transmittance has also an impact on the hue and the light transmittance, as depicted in Figure 7:26. 
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Figure 7:26   a) x, y color coordinates and b) light transmittance before after successive lithiations of the Ni-V-Ox 

sample (light squares) and the Ni-Ta-Ox sample (dark diamonds). The Ni-Ta-O sample is color neutral. The light transmittance of the Ni-Ta-O sample reached higher levels and this sample shows better color neutrality compared to the Ni-V-O sample. The color rendering index varies from 91.4 to 97.6 % for the Ni-Ta-O sample while it ranges from 80.3 to 83.7 % for the Ni-V-O sample. Ni-Ta-O is therefore a promising candidate towards electrochromic device with high color neutrality in the bleach state. Dong et al. (2018) also investigated ways to in-crease the transmittance of electrochromic devices in the short wavelengths by adding Mg and Li to the nickel oxide; the transmittance reached at 400 nm is 62 % for their Ni-Mg-Li-O sample which is similar to the one achieved with our lithiated Ni-Ta-O sample. However, the transmittance at 600 nm of their Ni-Mg-Li-O sample is 66 % while it is above 80 % for our sample. The study of the electronic properties of a Ni-Ta-O sample deposited with similar process parameters and on which two lithium dispensers were evaporated revealed the formation of a lithium layer at the surface. The optical properties indicate an increase in transmittance after lithiation, therefore it is believed that a fraction of the lithium intercalates in the Ni-Ta oxide until saturation is reached, the rest of lithium remaining on the surface and quickly oxidizing.   7.3.3 Crystal structure of a lithiated nickel tantalum oxide The crystal structure of a nickel tantalum oxide sample deposited on glass was studied us-ing X-ray diffraction (XRD). The sample was cut in two parts: one part was lithiated and the two parts were then measured by XRD, the resulting diffractograms being shown in Figure 7:27. The angles corresponding to diffraction peaks cubic NiO are indicated with dashed lines. 
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Figure 7:27   Diffraction pattern of a Ni-Ta and Ni oxide before and after lithiation obtained by XRD. Ni-V-O is also 
shown. The vertical dashed lines indicate the (111), (200) and (220) diffraction planes of cubic NiO (reference pat-

tern ICDD:04-005-9695). The intensity was weighted relative to the most intense peak for each diffractograms. 

 (111) (200) (220) 
 2θ / ° B / ° L / 

nm 
2θ / ° B / ° L / 

nm 
2θ / ° B / ° L / 

nm 
NiO 36.90 0.567 14.8 43 0.761 11.2 62.41 0.952 9.8
NiO+Li 36.97 0.423 19.8 43.04 0.577 14.8 62.59 0.62 15.0
Ni-Ta-O 36.95 0.361 23.2 42.98 0.526 16.2 62.46 0.526 17.7
Ni-Ta-O+Li 36.93 0.368 22.8 42.98 0.641 13.3 62.43 0.612 15.2
Ni-V-O 37.26 0.341 24.6 43.15 0.576 14.8 62.93 0.423 22.0

Table 7:12 Peak position (2θ), full-width at half maximum (determined by fitting the data with a Voigt profile) which 
accounts for the grain size broadening (B) and crystallite size (L) determined according to Scherrer Formula from 

the XRD spectra presented in Figure 7:27. The studied Ni-Ta oxide exhibits the typical diffraction peaks of crystalline NiO (with a cu-bic structure, bunsenite) located at 37.044, 43.038 and 62.497 ° for the (111), (200) and (220) diffraction planes respectively. In the reference pattern (ICDD:04-005-9695), the strongest peak originate from the (200) orientation followed by the (111) and the (220) ones. In the diffractograms shown in Figure 7:27, the main orientation is (111) for the Ni-Ta and Ni oxides while for the Ni-V oxide it is (220). This indicates a preferential orientation of the grains in the coatings. The crystallite size was determined from the peak position and the FWHM using the Scherrer formula, values being reported in Table 7:12. Upon insertion of lithium and/or tantalum, the peak position does not vary significantly indicating that Li and Ta are not distorting the NiO cubic structure. Furthermore, no amorphization can be observed which confirm that the NiO structure is not altered. On the contrary, the diffrac-tion peaks of the Ni-V oxide are shifted towards high angles compared to the NiO sample and reference pattern, this might indicates that vanadium atoms enters the crystal lattice 
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and decreases the lattice parameters of NiO. It can also be observed that the crystallite size is larger for the (111) peak and smaller for the peaks (200) and (220) at higher angles sug-gesting vertical columns, in agreement with the SEM images. The crystalline phase of β-Ta2O5 is usually observed when temperatures during deposition or calcination above 400°C are used. Here, the sample was deposited without substrate heating and this phase is not observed. The NiO cubic structure appears to be the only crys-talline phase present in the sample and does not seem to be distorted by the tantalum: the NiO peaks are not shifted and the full-width at half-maximum is not broadened. Therefore, tantalum may be present as amorphous tantalum pentoxide suggesting a NiO:Ta2O5 nano-composite layer. Tungsten and tantalum oxides, when deposited at room temperature, are amorphous whereas all the nickel, nickel vanadium and nickel tantalum oxides studied were crystalline. 7.3.4 Electrochromic device containing nickel tantalum oxide Tantalum was shown to improve the optical properties of nickel oxide. Since the crystalline structure of NiO is not altered and no amorphization is observed, it is believed that a NiO:Ta2O5 nanocomposite layer is formed. Ta2O5 is used as a solid ion conductor, therefore a NiO:Ta2O5 nanocomposite is expected to facilitate the migration path for lithium ions and improves the electrochromic properties. A device containing tungsten oxide, tantalum pentoxide and a nickel tantalum oxide nanocomposite was deposited layer-by-layer by magnetron sputtering on ITO coated glass. The lithium was inserted in the tungsten oxide and Ni-Ta oxide layers using the dry lithiation method described in the section 7.1. The de-tails of the parameters used for deposition of this Glass/ITO/WO3/Ta2O5/ NiO:Ta2O5/ITO device are described in Table 7:13. 
ECS80703 WO3 Lithiation Ta2O5 Ni-Ta-Ox RT-ITO 

Target W Li dispenser x (4+2) Ta Ni-Ta ITO 
Applied power DC 150 W 7,3 A DC-p 100 W DC-p 100 W RF 75 W 
Deposition time 90 min 6 x 60 min 2 x 15 min 2 x 30 min 45 min 
Ar / sccm 12.5 - 23.6 62.6 25.0 
O2 / sccm 8.3 - 4.0 1.5 0.4 
Ratio O2/Ar 66.67 % 0 / no process gas 16.8 % 2,38 % 1.6 % 

Working pressure 2,5.10-2 mbar 10-6 - 10-7 mbar
(transfer chamber) 2,7.10-2 mbar 1,9.10-2 mbar 4,0.10-3 mbar 

Table 7:13 Deposition parameters; the WO3 layer was deposited on ITO coated glass with a sheet resistivity of 15-
30 ohm/sq (ITO X190 from Delta Technologies). The sample was taken to air between the two Ta2O5 layers to apply 

the mask. 4 lithiation steps were performed after the deposition of the WO3 layer and 2 were performed in be-
tween two Ni-Ta-Ox layers. The resulting thicknesses are shown in Figure 7:29. 
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The optical properties of the device were investigated as-deposited and during chrono-amperometry experiments. The transmittance was measured in the darkest and clearest state obtained and compared to the ‘as-deposited’ one; results are shown in Figure 7:28. 

 
Figure 7:28   Spectral transmittance of the Glass/ITO/WO3/Ta2O5/NiO:Ta2O5/ITO device as-deposited, bleached 

and colored. The corresponding solar direct transmittance and light transmittance are indicated. Due to the in-situ lithiation, the sample was relatively dark as-deposited with a solar direct transmittance of 5.7% and a light transmittance of 8.3%. Upon cycling, no further darkening was obtained despite the fact that some of the lithium was evaporated in the Ni-Ta-O layer. A slow bleaching occurred and a maximum light transmittance of 59.5% was obtained. Dur-ing the chrono-amperometry experiments, the sample could not return to a dark state.  The sample was deposited simultaneously on a silicon substrate, which was cleaved in or-der to observe the cross section by scanning electron microscopy, as shown in Figure 7:29. In order to see the different elements, a back-scattered electron detector was used. Using this detector, the gray scale of the image gives an indication on the atomic mass; heavy ele-ments are in bright shades and lighter ones in darker shades.     

 
Figure 7:29   Backscattered electrons image (ESB) of the cross-section of the cleaved Si/WO3/Ta2O5/ NiO:Ta2O5/RT-

ITO sample. The gray shades are indicative of the atomic mass, the brighter being the heavier. 
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The four layers of the electrochromic device can clearly be distinguished due to the large difference of atomic mass of the various elements; the expected loose-packing and colum-nar structure is present. However, a strong delamination can be observed between the WO3 and Ta2O5 layers: this delamination may have occurred during the cleavage of the silicon substrate. Nevertheless, it is not visible between the other layers. A good adhesion between the interfaces is crucial for the electrochromic properties; a weak bond between the WO3 and Ta2O5 layers could be the reason of the poor cycling abilities of this device. In the previ-ous device made with nickel vanadium oxide, this delamination was not observed even though the electrolyte was also Ta2O5. The deposition of a Ni-Ta oxide on Ta2O5 may have generated stresses on the Ta2O5 layer and weaken its interface to WO3.    
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7.4 Discussion and perspectives The aim of this chapter was to investigate novel all-solid-state devices. A method of dry lithiation to insert lithium ions in a solid-state device, without using sensitive lithium con-taining sputtering targets or taking the sample to air, was presented. It was successfully used to lithiate tungsten trioxide and decreases its light transmittance from 83 to 2%. It was observed that dry lithiation on ex-situ samples is also possible. The water and hydrocarbon that might deposit on the surface of the sample during exposure to air do not prevent the lithiation process under vacuum. Furthermore, dry lithiation was found to be a convenient method to study the electronic properties of metal oxide, since the sample can be treated in vacuum and transferred to the UPS/XPS analysis chamber. It was shown that to obtain a dark tungsten trioxide, a sufficient thickness of tungsten oxide is needed, otherwise the lith-ium can further reduce some of the tungsten atoms to a non-electrochromic compound. In nickel tantalum oxide, it was observed that a fraction of the lithium is not intercalated in the film and remains at the surface forming lithium oxides.  Using this lithiation method and a tantalum pentoxide electrolyte, all-solid-state devices could be produced successfully. The solar direct transmittance could be varied between 6 % and 51 % in less than 20 seconds; however, this device exhibited a yellowish tint. Nickel-tantalum mixed oxides were investigated in order to improve the color neutrality of the device, especially in the bleached state. It was found that tantalum can effectively improve the optical properties of nickel oxides in the short wavelengths. Furthermore, since tanta-lum pentoxide is used as an ion conductor, tantalum is expected to provide additional chan-nels to lithium migration in the nickel oxide and further work on nanocomposites is intend-ed.  All-solid-state device contains many semiconductor hetero-structures and studies of the interfaces by photoelectron spectroscopy can yield to a better understanding of their diode or rectifier behaviors. It was observed that coloring the device takes longer than bleaching it; studying the interfaces could help to understand the rate limiting factor in the coloration speed and efficiency. It was also observed that, if short-circuits are present in the device or if a resistance is connected to the two electrodes, it will discolor in a few minutes. An all-solid-state electrochromic device is similar to a thin-film battery and can be discharged or discolored by connecting a load to the circuit: this similarity to batteries could be used to optimize the charging strategies. In this study and in the literature, chrono-amperometry or the simple application of a voltage step is often used to color and discolor a sample. Howev-er, to limit the degradation of the lithium batteries, a current limit is generally used and should be applied to further studies on electrochromic devices. 
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 Conclusion Chapter 8 8.1 Achievements In this doctoral thesis, the relation between the electronic and optical properties of coatings for architectural glazing was studied. Two applications were considered: coatings with a high transparency in the visible range, reflecting the infrared radiation and transparent to the microwaves as well as on electrochromic coatings to modulate the solar heat gains in a building.  The possibility to use a laser patterning process on conventional low infrared emissivity coatings to create a double effect of spectral selectivity (Vis/NIR/MW) was demonstrated experimentally. A transmission of microwave close to the one of uncoated glass sub-
strate was achieved with negligible impact on the thermal and optical properties of 
the glazing. The effect of this patterning on the attenuation was measured for double glaz-ing, thus taking into account both glass panes and the air gap. Furthermore, the pattern is not distinguishable in most common lighting situations, thus it does not disturb the view through the window. These new patterned coatings were manufactured on full scale glazing thanks to a fruitful collaboration with industrial partners (AGC Verres Industriels Moutiers and Class4Laser) and these windows are already installed on 10 regional trains from the BLS company as of November 2017. Given the fact that the glazing fraction is increasing in trains and in buildings, solutions to mitigate the excessive solar heat gains in summertime are now required. Novel materials and methods for electrochromic windows were investigated. In electrochromic glazing, an electrochromic device containing two transparent conductive electrodes, two electro-chromic materials (cathodic and anodic) and an ion conductor are present. In order to study electrochromic devices, the understanding, the optimization and the deposition of these four different layers is required. Indium-tin oxide (ITO) was chosen for the bottom and top transparent electrodes. The use of substrate heating during deposition was not adequate for the top electrode because ITO films are to be deposited on top of four other layers: excessive heating could damage and/or modify the crystallinity of the underlying layers. ITO coatings with a resistivity 5.1∙10–4 
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Ω.cm and a solar direct transmittance of 81% were obtained, which is comparable to state-of-the-art ZnO films and not far from the performances of commercial ITO films (Ellmer, 2012). For the thickness used in this study, it represents a sheet resistivity of 32 Ω/sq, which is comparable to the commercial ITO coatings used as substrates. These experiments showed that it was possible to obtain ITO coatings with satisfactory electrical and opti-
cal properties without heating the substrate or proceeding to a thermal annealing.  Many oxides of transition metals exhibit an electrochromic behavior. Tungsten trioxide is according to the current state of the art, the one showing the strongest optical contrast pos-sible is the visible range. The impact of the deposition parameters on the electronic, optical and morphological properties of tungsten trioxide was investigated. It revealed that the 
nanoporosity produced by the use of high total pressure during the sputtering is favora-
ble to the optical contrast and switching dynamics of WO3. For the counter electro-chromic layer, nickel oxides were investigated. The used of pure nickel or Ni-Ta targets proved to be advantageous for the optical properties in the bleached state, because of their lower absorption in the short wavelength range compared the commonly used nickel vanadium oxides.  Various inorganic electrolytes were investigated: LiPON and LLTO considered in the field of thin film batteries and tantalum pentoxide. LiPON could be deposited successfully at room temperature with ionic conductivities in the range of the one usually obtained for sputtered LiPON films (Hamon, 2006). An activation energy of 0.6 eV was observed and suggests a migration of the Li ions through vacancies in the LiPON atom network. Furthermore, it was found that increasing the argon content in the argon-nitrogen plasma enhances the 
chemical stability of a LiPON film to ambient air. LLTO is not widely studied in the con-text of electrochromic devices and therefore, the optical properties were not easily availa-ble. It was found that amorphous LLTO films exhibit a high transparency in the solar range with solar direct transmittance and light transmittance about 80%. Nanoporous tan-talum pentoxide was deposited and used in an electrochromic device with a liquid electro-lyte; it was shown that it does not reduce the switching speed of the device compared to a device without a tantalum pentoxide layer. Tantalum pentoxide can be deposited from a metallic Ta target allowing faster deposition rate and easier implementation on a larger scale.  When a liquid electrolyte is used, it is usually the source of lithium ions. In order to study all-solid-state electrochromic devices, a method to insert lithium in vacuum was developed. This method of dry lithiation does not require the use of sensitive lithium containing com-pounds, which avoid the need for a dry and controlled atmosphere during use and handling. It was successfully used to lithiate tungsten trioxide and decreases its light transmit-
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tance from 83 to 2%. It was observed that dry lithiation on ex-situ samples is also possible. The water and hydrocarbon that might deposit on the surface of the sample during expo-sure to air does not prevent the lithiation process under vacuum. Furthermore, dry lithia-tion was found to be a convenient method to study the electronic properties of metal oxide, since the sample can be treated in vacuum and transferred to the UPS/XPS analysis cham-ber. It was shown that to obtain a dark tungsten trioxide, a sufficient thickness of tungsten oxide is required, otherwise the lithium can further reduce some of the tungsten atoms to a non-electrochromic compound. In nickel tantalum oxide, it was observed that a fraction of the lithium is not intercalated in the film and remains at the surface forming lithium oxides.  
Using the dry lithiation method and a tantalum pentoxide electrolyte, a functional all-
solid-state device was produced. The solar direct transmittance could be varied between 6 % and 51 % in less than 20 seconds; however, this device exhibited a yellowish tint.   8.2 Outlook Commercial electrochromic glazing is reaching the market but some challenges are still present. The color neutrality in the transmittance in the bleached state should be improved and the durability of the materials must correspond with the lifetime of a building; further-more, their cost is still prohibitive for many market segments. Indium-tin oxide is generally used because it is today the best material available in terms of transparency and electrical conductivity; however, indium is produced mainly as a byproduct of zinc from mineral ores containing less than 100 parts per million (Lokanc, 2015); its supply is limited and its price volatile. Research on transparent conductors is an active field and many indium-free alter-natives are investigated. Indium-free electrochromic devices were produced, e.g. by Li et al. and Koubli et al.  (Li, 2015; Koubli, 2015) using WO3/Ag/WO3 stacks where the WO3 layers serve both as an electrochromic material and electrode. One could imagine using pyrolytic fluorine-doped tin oxide coated glass, as a substrate, and a dielectric/Ag/dielectric stack, as a top electrode, to use materials which are well known in the glass industry. Being able to deposit all the required layers in vacuum might help to reduce the price even though vacu-um equipment is in itself expensive, because it allows for a precise control of the deposited thicknesses and thus optimization of the processes. In addition to this, minimizing the sub-strate heating or avoiding the need for a step where heat is needed over large surfaces can reduce the energy cost. In batteries, graphite is often used because its layered structure facilitates the movement of lithium atoms. In electrochromic devices, it was observed that nanoporosity improves the optical properties. This might be due to an increased number of channel paths for lithium, 
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which reduce the strains on the atom network. In addition, a porous structure can decrease the charge transfer resistance (He, 2018). Furthermore, in non-aqueous electrolytes the desolvation process of the lithium ion might reduce the kinetics of intercala-tion/deintercalation in the electrode (Abe, 2004). A less ordered interface could also facili-tate the loss of the sheath of the solvated lithium ion (Steinrück, 2018). Furthermore, it was also observed that the resistivity of the ITO substrate has a strong influence on the colora-tion speed even on small scale samples; however, the bleaching speed did not depend on the ITO resistivity at those scales. In most electrochromic devices, the voltage is applied to the two transparent conductors and the local distribution of the potential within the depth of the multilayer sample cannot be controlled.  Temperature-dependent measurements could help to separate the electrical and electrochemical contributions to the coloration mechanism and get a better understanding of the rate limiting factors. Furthermore, nano-composite layers containing nickel oxide and tantalum pentoxide in combination with a tantalum pentoxide electrolyte is expected to provide additional channels to lithium migra-tion and further work on nanocomposites is intended.  All-solid-state device contain many semiconductor hetero-structures and studies of the in-terfaces by photoelectron spectroscopy can yield to a better understanding of their diode or rectifier behaviors. It was observed that coloring the device takes more time than bleaching it and studying the interfaces could help to understand the rate limiting factor in the colora-tion speed and efficiency. It was also observed that if short-circuits are present in the device or if a resistance is connected to the two electrodes, it will discolor in a few minutes. An all-solid-state electrochromic device is similar to a thin-film battery and can be discharged or discolored by connecting a load to the circuit: this similarity to batteries could be used to optimize the charging strategies. In this study and in the literature, chrono-amperometry or the simple application of a voltage step is often used to color and discolor a sample. Howev-er, to limit the degradation of the lithium batteries, a current limit is generally employed and should be applied to further studies on electrochromic devices. 



197 

Annexes A1. Matlab routine for the determination of solar direct transmit-tance and light transmittance from multiple transmittance spectra 
The files necessary to run the Matlab routine are available on the “groupe nano” folder: 

 \GENERAL\strategies\display_window_test_bench_data\time cyclic Te-Tv-CRI\ CalculationTR_EC_cyclic.m  

 Copy the folder "time cyclic Te-Tv-CRI" on your local drive, open matlab, make this folder your working 
folder, add access to subfolders. The measurement files should be pasted in "workfiles"  

 Open Calculation_TR_EC_cyclic.m  
 change directory name, file names (fichTR), product name (prodn), cycle description (time cyclic Te-Tv-CRI) 

and time interval between two spectra (ts) 
 Run the program, it should display the graph and export them in the "Results" subfolder 
 results_TR.xls contains τe and τv and spectral_data_visible_1nm.csv can then be used to calculate color co-

ordinates using Calculation_CRI_EC_cyclic.m  

% prog 
close all 
clear all 
clc 
  
% Programm to calcultate optical factor according to EN 410 : solar direct transmittance TauE and light transmittance TauV 
 
% Measured data 
fichTR = 'workfiles\measured cyclic transmittance.csv';  % measured transmittance:  
%first column wavelength in nm, following colums spectral transmittance in % 
  
% product name 
prodn = 'type here the reference or product name';  % IMPORTANT CHANGE PRODUCT NAME and CYCLE DESCRIPTION 
cycledescr = 'type here cycle description'; % and CYCLE DESCRIPTION 
ts = 0.5; % IMPORTANT CHECK TIME BETWEEN TWO SPECTRA in seconds is ok !!!!! 
  
%common variables and file 
load('g173cut.mat'); % spectre solaire G 173 Global tilt 
load('D65V.mat') % spectre de sensibilité de l'oeil * illuminant D65 
  
% To set default colors in 12 rainbow colors 
C = [0.729412 0.333333 0.827451 
    0.541176 0.168627 0.886275 
    0.294118 0 0.509804 
    0 0 1 
    0.117647 0.564706 1 
    0.133333 0.545098 0.133333 
    0.196078 0.803922 0.196078 
    1 0.843137 0 
    1 0.54902 0 
    1 0 0  
    0.8 .07 0.1 
    0.545098 0 0 
    0.3 0 0]; 
set(0,'DefaultAxesColorOrder', C); 
  
%Importation data 
dataaTR = [0,0]; 
dataaTR = importdata (fichTR); 
dataaTR = dataaTR(2:end,:); % enlève la première ligne qui contient des zeros 
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datat = dataaTR;  
sd = size(datat); % size of the data matrix 
s_sp = sd(1,2)-1; 
  
% declaration des variables 
TauE = zeros(s_sp,2); % Facteur de transmission énergétique totale. pour créer une matrice vide de la bonne taille,  
TauV = zeros(s_sp,2); % Facteur de transmission visible . pour créer une matrice vide de la bonne taille,  
tss = zeros(s_sp,1); % time interval between two measurements 
  
% time spectro 
for i = [1:s_sp] 
tss(i,1) = 0+(i-1)*ts ; % time spectro define above 
TauE(:,1) = tss; 
end 
  
% TauE 
%Spectre solaire 
datatpg = interp1(datat(:,1),datat(:,2:end),g173cut(:,1)); % interpolate data to have same x values than solar spectrum 
g173cutn = g173cut(:,2)./sum(g173cut(:,2)); % normalise 
fs = sum(g173cutn); % Pour vérification : vu que c'est normalisé, ça doit être égal à 1 
  
%Measured transmittance weighted by solar spectrum 
SpecTRA = zeros(size(datatpg,1),s_sp); 
  
for i = [1:s_sp] 
SpecTRA(:,i) = datatpg(:,i).*g173cutn(:,1); % multiplication membre à membre 
TauE(i,2) = sum(SpecTRA(:,i)); % energetic transmittance factor 
T_E(:,2) = TauE(:,2)./100; 
end 
  
% TauV 
TauV(:,1)= TauE(:,1); 
  
%D65Vp = interp1(D65V(:,1),D65V(:,2),datat(:,1)); % fait une interpolation linéaire 
datatp = interp1(datat(:,1),datat(:,2:end),D65V(:,1)); 
D65Vn = D65V(:,2)./sum(D65V(:,2)); 
  
SpecTV = zeros(size(D65V,1),s_sp); % spectre mesuré * snetibilité oeil * D65 
for i = [1:s_sp] 
SpecTV(:,i) = datatp(:,i).*D65Vn; % multiplication membre à membre 
TauV(i,2) = sum(SpecTV(:,i)); % visible transmittance factor 
T_V(:,2) = TauV(:,2)./100; 
end 
  
%résumé des resultats 
tss_TauE_TauV_TauEsurTauV = [TauE(:,1),T_E(:,2),T_V(:,2)]; 
  
%AffichageTR 
figure(1) 
plot(datat(:,1),datat(:,2:end),'linewidth',1); grid on 
title(prodn); 
xlabel('wavelength / nm'); 
ylabel('Measured transmittance %'); 
legend(cycledescr); 
  
figure(2) % plot solar direct transmittance and visible light transmittance 
plot(TauE(:,1),T_E(:,2),'r-', TauV(:,1),T_V(:,2),'b-','linewidth',2); grid on 
title(prodn); 
xlabel('time / seconds'); 
ylabel('Intensity %'); 
%xlim([0 80]) 
ylim([0 1]) 
legend('Solar direct transmittance','Visible light transmittance', 0) 
  
  
% EXPORT 
saveas(figure(1),[pwd '\Results\measured_transmittance.tiff'], 'tiffn'); % to export the first graph 
saveas(figure(2),[pwd '\Results\TauE_TauV.tiff'], 'tiffn');  % to export the 2nd graph 
T = {prodn,'Tau E','Tau V'}; % headers for results 
N = num2cell (tss_TauE_TauV_TauEsurTauV); % Convert numeric data, N, to a cell array of doubles 
outCell = [T;N];% Concatenate dataCell and Tinto one cell array 
xlswrite('Results\results_TR.xls',outCell) % to export the concatenated matrix 
  
% interpolated spectrum by 1 nm step for visible range (380-780nm) 
% to be used in Calculation_CRI_EC_cyclic 



Annexes 199
 

199 
 

data_1nm = zeros(401,sd(1,2)); 
data_1nm(:,1) = D65V(:,1); 
data_1nm(:,2:sd(1,2)) = datatp(:,1:s_sp); 
csvwrite('Results\spectral_data_visible_1nm.csv',data_1nm) % to export the spectral data 
ok = 'done'        %OB2016 %thks ncl  %platypus  A2. Matlab routine for the determination of color coordinates and color rendering index from multiple transmittance spectra 
The files necessary to run the Matlab routine are available on the “groupe nano” folder: 

 \GENERAL\strategies\display_window_test_bench_data\time cyclic Te-Tv-CRI\ CalculationCRI_EC_cyclic.m  

 Copy the folder "time cyclic Te-Tv-CRI" on your local drive, open matlab, make this folder your working 
folder, add access to subfolders. The measurement files should be pasted in "workfiles"  

 Open Calculation_CRI_EC_cyclic.m right after having run Calculation_TR_EC_cyclic.m (or copy the desired 
spectral_data_visible_1nm.csv in the "Results" folder. 

 change the product name (prodn) and Run the program 
 an excel file containing the color coordinates index will appear in the "Results" folder (color1.xls) 

 
% prog 
close all 
clear all 
clc 
 
% Programm to calcultate color rendering index and color coordinates according to EN 410 :  
 
%transmittance spectrum of the glass to analyze 
load('results\spectral_data_visible_1nm.csv')  ; 
fich1 = 'results\spectral_data_visible_1nm.csv';  % measured transmittance from TR_EC_cyclic 
% product name 
prodn = 'type here the reference or product name'; 
 % time between two spectra 
ts = 0.5; % IMPORTANT CHECK TIME BETWEEN TWO SPECTRA in seconds is ok !!!!! 
  
%data needed as defined in EN 410 
load('D65V.mat') % spectre de sensibilité de l'oeil * illuminant D65  
load('CIE1931.mat') % Observateur colorimétrique standard CIE 1931 (2°).  
load('CIE1964.mat') % CIE 1964 suppl. standard colorimetric observer (10°)  
load('testcolor.mat') % testcolor numbers beta i d'après le tableau de la CIE : 380 à 780 nm avec pas de 10  
load('D65.mat') % spectre de l'illuminant D65  
load('UVW.mat') % Valeurs de U * r,i , V* r,i , W * r,i pour les couleurs-test éclairées par l’illuminant normalisé D 65  
  
%Importation 
dataCRI = [0,0]; 
dataCRI = importdata (fich1); 
sd = size(dataCRI); 
sd1 = sd(1,2); 
s_sp = sd(1,2)-1; % size of data to adapt all cycles 
dataCRI2 = dataCRI(:,2:sd1)/100; 
  
% mise aux memes dimensions  
CIE1931p = CIE1931; 
CIE1931p = interp1(CIE1931(:,1),CIE1931(:,2:end),D65V(:,1)); % interpolate data to have same x values than D65V, 1 by 1 nm 
D65p = D65; 
D65p = interp1(D65(:,1),D65(:,2:end),D65V(:,1)); % interpolate data to have same x values than D65V, 1 by 1 nm 
D65pn = D65p(:,1)./sum(D65p(:,1)); 
testcolorp = testcolor; 
testcolorp = interp1(testcolor(:,1),testcolor(:,2:end),D65V(:,1)); % interpolate data to have same x values than D65V, 1 by 1 nm 
  
for j = [1:s_sp] % loop to calculate color coordinates for each spectrum of the cycle 
 
dataCRIp = dataCRI2(:,j);    
  
% Color coordinates X Y Z  
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% X 
specx = [0,0]; 
specx = dataCRIp(:,1).*CIE1931p(:,1).*D65p(:,1); % multiplie la transmittance par x-barre et l'illuminant D65 
X_t(1,j) = sum(specx)/10; 
% /10 car on est passé de 2 intervalle de 5 à 2 intervalles de 1, donc c'est 2 fois 5 fois trop 
% Y  
specy = [0,0]; 
specy = dataCRIp(:,1).*CIE1931p(:,2).*(D65p(:,1)); % multiplie la transmittance par y-barre et l'illuminant D65 
Y_t(1,j) = sum(specy)/10; 
% Z  
specz = [0,0]; 
specz = dataCRIp(:,1).*CIE1931p(:,3).*(D65p(:,1)); % multiplie la transmittance par z-barre et l'illuminant D65 
Z_t(1,j) = sum(specz)/10; 
  
  
% Color coordinates Xi Yi Zi (* beta i - testcolor) 
% X 
X_t_i = zeros(2,8); 
SpecX = zeros(size(D65p,1),8); % spectre mesuré * x-barre * D65 
for i = [1:8] 
SpecX(:,i) = specx.*testcolorp(:,i); % multiplication membre à membre 
X_t_i(2,i) = sum(SpecX(:,i))/10; % coordonnées de couleur pour couleur ref i 
X_t_i(1,i) = i; 
end 
% Y  
Y_t_i = zeros(2,8); 
SpecY = zeros(size(D65p,1),8); % spectre mesuré * x-barre * D65 
for i = [1:8] 
SpecY(:,i) = specy.*testcolorp(:,i); % multiplication membre à membre 
Y_t_i(2,i) = sum(SpecY(:,i))/10; % coordonnées de couleur pour couleur ref i 
Y_t_i(1,i) = i; 
end 
% Z  
Z_t_i = zeros(2,8); 
SpecZ = zeros(size(D65p,1),8); % spectre mesuré * x-barre * D65 
for i = [1:8] 
SpecZ(:,i) = specz.*testcolorp(:,i); % multiplication membre à membre 
Z_t_i(2,i) = sum(SpecZ(:,i))/10; % coordonnées de couleur pour couleur ref i 
Z_t_i(1,i) = i; 
end 
  
% Color coordinates X Y Z en u v 
u(1,j)=(4*X_t(1,j))/(X_t(1,j)+15*Y_t(1,j)+3*Z_t(1,j)); 
v(1,j)=(6*Y_t(1,j))/(X_t(1,j)+15*Y_t(1,j)+3*Z_t(1,j)); 
  
% Color coordinates Xi Yi Zi (* beta i - testcolor) en u v 
% u_i 
u_i = zeros(2,8); 
for i = [1:8] 
u_i(2,i) = (4*X_t_i(2,i))/(X_t_i(2,i)+15*Y_t_i(2,i)+3*Z_t_i(2,i)); % coordonnées de couleur pour couleur ref i en u v 
u_i(1,i) = i; 
end 
%v_i 
v_i = zeros(2,8); 
for i = [1:8] 
v_i(2,i) = (6*Y_t_i(2,i))/(X_t_i(2,i)+15*Y_t_i(2,i)+3*Z_t_i(2,i)); % coordonnées de couleur pour couleur ref i en u v 
v_i(1,i) = i; 
end 
  
% ct et dt 
c = (1/v(1,j))*(4-u(1,j)-10*v(1,j)); 
d = (1/v(1,j))*(1.708*v(1,j)+0.404-1.481*u(1,j)); 
  
% cti et dti 
%c_t_i 
c_i = zeros(2,8); 
for i = [1:8] 
c_i(2,i) = (1/v_i(2,i))*(4-u_i(2,i)-10*v_i(2,i)); 
c_i(1,i) = i; 
end 
%d_t_i 
d_i = zeros(2,8); 
for i = [1:8] 
d_i(2,i) = (1/v_i(2,i))*(1.708*v_i(2,i)+0.404-1.481*u_i(2,i)); 
d_i(1,i) = i; 
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end 
  
% coordonnées trichromatiques corrigées en fonction de la distorsion par adaptation chromatique, pour les huit échantillons éclairés 
par la lumière transmise 
% u prime t i 
up_i = zeros(2,8); 
for i = [1:8] 
up_i(2,i) = (10.872+(0.8802*(c_i(2,i)/c))-(8.2544*(d_i(2,i)/d)))/(16.518+(3.2267*(c_i(2,i)/c))-2.0636*(d_i(2,i)/d)); 
up_i(1,i) = i; 
end 
% v prime t i 
vp_i = zeros(2,8); 
for i = [1:8] 
vp_i(2,i) = (5.520)/(16.518+(3.2267*(c_i(2,i)/c))-2.0636*(d_i(2,i)/d)); 
vp_i(1,i) = i; 
end 
  
%Conversion au système d’espace chromatique uniforme CIE 1964 : on utilise les formules suivantes pour la conversion relative à 
chaque couleur-test  
%W* t, i 
W_i = zeros(2,8); 
for i = [1:8] 
W_i(2,i) = 25*(((100*Y_t_i(2,i))/Y_t(1,j))^(1/3))-17; 
W_i(1,i) = i; 
end 
%U* t, i 
U_i = zeros(2,8); 
for i = [1:8] 
U_i(2,i) = 13*W_i(2,i)*(up_i(2,i)-0.1978); 
U_i(1,i) = i; 
end 
%V* t, i 
V_i = zeros(2,8); 
for i = [1:8] 
V_i(2,i) = 13*W_i(2,i)*(vp_i(2,i)-0.3122); 
V_i(1,i) = i; 
end 
%Valeurs de U * r,i , V* r,i , W * r,i pour les couleurs-test éclairées par l’illuminant normalisé D 65  
Ur(1,:) = UVW(1,:); 
Vr(1,:) = UVW(2,:); 
Wr(1,:) = UVW(3,:); 
  
%Détermination de la distorsion totale de la couleur i. Pour chaque échantillon de couleur-test i :  
%Ecart des couleurs 
dE = zeros(2,8); 
for i = [1:8] 
dE(2,i) = (((U_i(2,i)-Ur(1,i))^2)+((V_i(2,i)-Vr(1,i))^2)+((W_i(2,i)-Wr(1,i))^2))^(1/2); 
dE(1,i) = i; 
end 
Ri = zeros(2,8); 
for i = [1:8] 
Ri(2,i) = 100-4.6*dE(2,i); 
Ri(1,i) = i; 
end 
  
%Ra Color rendering index 
Ra(1,j) = (1/8)*(sum(Ri(2,:))); 
  
% color coordinates small x, small z 
petit_x(1,j) = X_t(1,j)/(X_t(1,j)+Y_t(1,j)+Z_t(1,j)); 
petit_y(1,j)= Y_t(1,j)/(X_t(1,j)+Y_t(1,j)+Z_t(1,j)); 
end 
  
% time spectro 
tss = zeros(s_sp,1); %to have the color coordinate according to the time of measurement 
for i = [1:s_sp] 
tss(i,1) = 0+(i-1)*ts ; % time spectro defined above 
Result(1,1:s_sp) = tss; 
end 
  
%Results 
Result(2,1:s_sp) = X_t; 
Result(3,1:s_sp) = Y_t; 
Result(4,1:s_sp) = Z_t; 
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Result(5,1:s_sp) = petit_x; 
Result(6,1:s_sp) = petit_y; 
Result(7,1:s_sp) = u; 
Result(8,1:s_sp) = v; 
Result(9,1:s_sp) = Ra; 
T1 = {prodn,'X_t','Y_t','Z_t','petit_x','petit_y','u','v','Ra'}; % headers for column 1 
T2 = transpose (T1); 
N2 = num2cell (Result); 
N1 = transpose (N2); 
outCell1 = [T1; N1];% Concatenate dataCell and T into one cell array  
xlswrite('Results\color1.xls',outCell1) % to export the concatenated matrix transposed so it can fit in excel 
ok ='ça marche' % :)    %OB2016-2018   %thks ncl  
 A3. Experimental Determination of Optical and Thermal Properties of Semi-transparent Photovoltaic Modules Based on Dye-sensitized Solar Cells 
The text and images are reproduced from :  Bouvard, O., Vanzo, S., Schüler, A., 2015. Experimental De-
termination of Optical and Thermal Properties of Semi-transparent Photovoltaic Modules Based on Dye-
sensitized Solar Cells. Energy Procedia 78, 453–458. https://doi.org/10.1016/j.egypro.2015.11.696  

Abstract 

The demand for energy efficiency of buildings and on-site electricity production is rising. Building integrated photovoltaic can 
provide a part of the electricity demand. Many studies are related to the module efficiency. However, architectural integration, 
optical and thermal properties also require attention. Semi-transparent modules are especially interesting for architectural 
integration in the glazed part of the façade. Dye sensitized solar cells, offering color and semi-transparency, are in the process of 
market introduction. However, dye-sensitized solar cells are fragile and there are not many examples of architectural integration 
due to the technical challenge of introducing these cells in a glazing. A glazing containing colored photovoltaic modules could be 
used to design an active façade.  
In order to determine the thermal behaviour of the building, the precise optical and thermal properties of the used materials 
need to be known. Performances of semi-transparent photovoltaic modules based on dye-sensitized solar cells were investigat-
ed. These modules come from the same manufacturer, using the same technology. However, they differ in terms of shades and 
nuances. Common practice is to indicate optical properties at normal angle of incidence. Yet, for most latitudes, the properties 
for a large range of angles of incidence are more relevant. Therefore, the spectral transmittance and the reflectance were 
measured at 12 angles of incidence ranging from 0° to 75°. From these data, the solar direct transmittance τe, the solar direct 
reflectance ρe and the visible transmittance τv and selectivity were calculated.  
The solar gain factor was determined on a prototype double glazing under illumination with a solar simulator by measuring the 
temperatures of the external and inner surface of the product. Combined with the values of absorptance obtained from the 
transmittance and reflectance values, this measurement allows us to determine the internal heat transfer coefficient qi and thus 
the solar gain factor of the double glazing (also called total energetic transmittance or g-value).  
Final performance of a façade containing these modules will depend on the composition of the double glazing in which they will 
be laminated. The performance of the module itself will help to determine the best composition for each climate. For instance, a 
solar protection coating may be needed. The modules can be laminated to a glass pane and then be assembled in a double 
glazing. Therefore the architectural integration is facilitated and compatible with existing façade systems. In highly glazed build-
ing, a part of the façade could then be a photovoltaic façade and deliver a fraction of the energy demand while providing colour-
ful options to enhance the aesthetic of the building. 
 
© 2015 The Authors. Published by Elsevier Ltd. 

Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 

Keywords: Dye sensitized solar cells; façade integration; optical and thermal properties; semi-transparent building integrated photovoltaics. 
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1. Introduction 

Dye-sensitized solar cells (DSSC) have been studied for a long time as a new generation of photovoltaic cells [1]. 
Commercial photovoltaic modules based on this technology are starting to be introduced in the market. The use of 
semi-transparent photovoltaic modules could increase the part of renewable energy produced on-site. Effectively, 
being embedded in a classical double glazing, they could find more easily their place on the façade. In addition, such 
modules provide colors and new possibilities for aesthetics [2]. In order to facilitate the building integration of such 
modules, thermal behavior and detailed optical properties should be known [3]. Comparison of optical properties 
with photovoltaic efficiencies was done by Yoon et al. [4].  

In this paper, optical and thermal properties of prototype photovoltaic modules based on DSSC were studied. The 
solar direct transmittance and the light transmittance were determined as a function of the angle of incidence. In addi-
tion, the solar gain (g-value) of a double glazing comprising such modules was calculated based on the results of 
experiments. Results will help to choose the combination of glazing to provide the desired values. 

2. Experimental 

2.1. Samples 

Five photovoltaic modules based on dye-sensitized solar cells were analyzed. These modules were produced by 
Glass2Energy, a Swiss company which is developing semi-transparent photovoltaic modules to facilitate architectur-
al integration of renewable energy in the buildings. These products are particularly promising because they can be 
laminated to the glass pane of a classical double (or triple) glazing and be installed as a regular window. Table 1 lists 
the products which were measured.  

Table 1. List of studied products 

Ref. Denomination Dye  Carrier layer Frame  

G1 Opaque green Green, type 1 TiO2, type 1 Single glazing 

G2 Transparent green Green, type 1 TiO2, type 2    “       “ 

R1 Opaque red Red, type 1 TiO2, type 1    “       “ 

R2 Transparent red Red, type 1 TiO2, type 2    “       “ 

R3 Double glazing red Red, type 2 TiO2, type 3 Double glazing 

 
As noted in Table 1, the two green samples (G1 and G2) are made with the same dye. In a similar manner, the two 

red modules (R1 and R2) are also made of the same dye. Only the nanostructure of the TiO2 carrier layer changes. 
Fig. 1 shows photographs of the studied modules. Rothenberger et al. studied the difference between a strongly scat-
tering TiO2 and a transparent one [5].  

 

    
Fig. 1. Photographs of (a) full size R2 module 60 cm x 100 cm; (b) transparent (left) and opaque (right) green samples; (c) transparent (left) and 

opaque (right) red samples. (color online) 
 
 

(a) (b) (c) 
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Fig. 1 (a) shows the whole R2 module which dimensions are 60 cm x 100 cm. The change of appearance due to 
the different TiO2 carrier layer used is particularly observable in Fig. 1 (b): on the left, the module G2 provide clear, 
yet colored, view to the surroundings; on the right, only some contours can be seen through the G1 module. Fig 1 (c) 
depicts the R2 and R1 modules.  

2.2. Angular-dependent optical properties 

Physical properties of façade elements play an important role in energy management. Precise data allows a better 
prediction of overheating risks and thermal losses. For new products such as dye-sensitized solar modules, it is im-
portant to determine the obtained properties. Values commonly given by manufacturers are valid at normal incidence 
of light. However, sun rays rarely strikes the façade at normal incidence. To overcome this, a window test bench 
capable of measuring transmittance and reflectance for angles between 0° and 75° was developed originally at the 
University of Basel [6] and now installed at EPFL/LESO-PB in Lausanne. This experimental set-up is composed of a 
light source, a support able to carry and rotate a real-size glazing, a receiver collimator and a Zeiss diode array spec-
trometer. For transmittance, the collimator is placed in line with the light source. For reflectance measurements, the 
collimator can be moved to have the same light path length for each angle. Spectral intensities are displayed in the 
software AspectPlus for wavelength ranging from 350 nm to 2100 nm (UV-Vis-NIR). 

These values are used to determine the coefficient of solar direct energy transmission τe, the light transmission τv, 
the solar direct reflectance ρe and the light reflectance ρv according to the EN 410 standard [7]. The light transmit-
tance τv of the glazing is calculated from the spectral transmittance of the glazing for the visible range and consider-
ing to the sensitivity of the human eye for a white illuminant. The light reflectance ρv is calculated by replacing the 
spectral transmittance with the spectral reflectance. 

The solar direct transmittance τe of the glazing represents the fraction of solar energy transmitted through the glaz-
ing. The solar direct reflectance ρe is determined in a similar manner, by replacing the spectral transmittance by the 
spectral reflectance. The solar direct absorptance αe can be found using the relation (1). 

1=++ eee αρτ  (1) 

These factors are commonly used to characterize window with low emissivity coatings or tinted glass. 

2.3. Angular-dependent solar gain factor 

In order to calculate the solar gains of a building, one must know the solar gain factor of the components of the 
transparent part of the façade. The solar gain factor (or total energy transmittance) is the amount of energy passing 
though the building element, either transmitted or absorbed and radiated inside. It is defined by equation (2): 

iqeg += τ   (2) 

Where τe is the coefficient of solar direct energy transmission and qi is the secondary internal heat transfer factor. 
qi represents the part of energy absorbed by the glass and reemitted as heat in the interior side. For accurate evalua-
tion, the solar gain factor should be known as a function of the angle of incidence. The angular dependent solar gain 
was determined using the method developed by Reber et al. [8]. This method is based on the measurement of the 
external and internal surface temperature of the double glazing under illumination with a solar simulator. The light 
source of the solar simulator is a water-cooled xenon arc lamp (1000 W). A spectral distribution similar to the solar 
radiation is achieved using specific filters. Using these temperatures and the previously calculated solar transmittance 
factor τe, it is possible to determine the solar gain factor. 

3. Results 

3.1. Angular-dependent transmittance, reflectance and optical performances 

The five photovoltaic modules were installed on the pivoting window holder. The spectral transmittance and reflectance 
were measured at different angles ranging between 0° and 75°. Results obtained for the red opaque module (R2) are displayed 
in Fig. 2 (a). The maximum transmittance is obtained at all angles for a wavelength of about 1030 nm. At normal incidence, the 
transmittance reaches 41.6%, while when the light hits the module with an angle of 75° to the normal, the maximum transmit-
tance is dived by two (20.8%). At oblique incidences, more light is reflected.  
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Fig. 2 (b) shows the spectrum of transmittance at normal incidence of the four single modules. In the visible range, the 
transmittance of each sample is very low which is due to the dye absorption. Samples G1 and R1, so called opaque in this study, 
presents a similar optical response in the range 600-2100 nm. The maximum transmittance is for both spectrums around 1000 
nm, slightly above 40 % and a decrease is observed in the near-infrared from 1000 nm to almost zero transmittance after 2100 
nm. This behavior indicates usually the presence of a conductive coating. In this case, it is certainly due to the presence of the 
transparent conductive oxide necessary to conduct electricity. Samples G2 and R2, so called transparent in this paper, display 
higher transmittance values. G2 sample has a maximum transmittance of 56.6% at 873 nm. R2 sample present the highest 
transmittance with a peak of 62.5 % at 786 nm.  

As presented in Table 1, two types of titanium dioxide carrier layer are used. They differ in terms of nanostructure. If we ex-
cept the visible part, which is representative of the dye used, we can see that the carrier layer plays an important role in terms 
of optical properties. Using the same dye, the transmittance of a module can go from 62 % (for R2) to only 41 % (R1).  

 

Fig. 2. (a) angular dependent transmittance spectrum of R1 sample; (b) transmittance spectrum at normal incidence of the four different sam-
ples. 

 
Using the spectrum of transmittance and reflectance, the coefficient of solar direct energy transmission τe, light 

transmission τv, solar direct reflectance ρe and light reflectance ρv, can be calculated according to the method de-
scribed in section 2.2.  

In Table 2, results are presented for normal incidence. 

Table 2. Solar direct energy transmission τe, light transmission τv, solar direct reflectance ρe, light reflec-
tance ρv,  and solar direct energy absorptance αe at normal incidence 

τe τv ρe αe τe/τv 

G1 opaque green 0.19 0.06 0.07 0.74 3.17 

G2 transparent green 0.31 0.23 0.08 0.61 1.35 

R1 opaque red 0.19 0.05 0.07 0.73 3.80 

R2 transparent red 0.33 0.15 0.08 0.59 2.20 

R3 double glazing red 0.14 0.06 0.10 0.76 2.33 

 
From Table 2, it can be noted that visible transmittance are very small, especially for the opaque and double glaz-

ing modules. It is not surprising as the dye-sensitized solar cells function by using the visible light and are therefore 
absorptive in this range. The solar direct energy transmission is higher because the modules are more transparent in 
the infrared part of the solar spectrum. This leads to a ratio τe/τv greater than one for all modules. It means that the 
modules are providing more heat than light in the building. This ratio is commonly used by architects to define dif-
ferent class of glazing. The reflectance does not really changes being quite close to the reflectance of a single glass of 
pane, which is approximately four percent per interface. 

(a) (b)
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3.2. Thermal performances : determination of the total energy transmittance 

Using the experiment detailed in section 2.3, the temperatures of the exterior and interior glass panes were meas-
ured (respectively, position 1 and 4 according to Fig. 3 (a)). Temperatures obtained are displayed in Fig. 3 (b), ambi-
ent temperature is recorded to identify possible general rise of temperatures. At the beginning, every element has the 
same temperature, and then the light source is turned on facing the exterior glass pane. After approximately three 
hours, a stabilisation of the temperature is observed. The temperatures of the exterior glass pane and the interior glass 
pane at stabilisation are used to determine the internal coefficient of heat transfer qi. This coefficient is determined 
considering an emissivity of the glass of 0.837, a U-value of 3 W/(m2.K) for the double glazing. 

  

Fig. 3. (a) Double glazing configuration. The photovoltaic module is laminated on the exterior glass pane position 2; (b) Temperature measured 
on the exterior side (facing the light source) Text and the interior side Tint of the double glazing module, ambient temperature Tamb is shown as an 
explanation of the slight global increase of temperatures; (c) Obtained solar gain factor (g-value) and τe as a function of the angle of incidence. 

Once qi is known, it is possible to calculate the total energy transmittance g(φ) as a function of the angle of inci-
dence by using the solar direct energy transmission τe previously found. Results are presented in Fig. 3 (c). At normal 
incidence, the total energy transmittance is g(0)=18% while the direct energy transmission is τe =14%.  A high pro-
portion of the solar energy is absorbed in the glass and in the PV module, 4% are then re-emitted inside the building. 
The PV module being laminated on the exterior glass pane, a large part of the absorbed energy is emitted towards the 
exterior. 

4. Discussion 

Precise data on optical and thermal performances of new products are essential to use them as a façade element. 
Data on single elements can be used to define the best configuration of glazing, for example, on which position to 
laminate the PV module and if selective coatings are necessary. Depending on the climate, it can be interesting to 
take benefits of the passive solar gains from the near infrared part of the spectrum. On the contrary, in combination 
with a solar protection coating, these modules could be used as a shading element is warm climates. Due to their very 
limited visible light transmittance, these modules cannot be used as a proper window. However, they can be used in 
combination with windows having high visible transmittance. In addition, the view through these modules is clear 
but colored. Therefore, attention is needed to preserve good inside lighting conditions for places where people stay a 
long time such as office rooms. On the other hand, where decorative color is desired, light effects similar to stained 
glass can be obtained such as in the new Swiss Tech Conference Center in Lausanne [9]. 

These colored photovoltaic modules are promising because their architectural integration is compatible with exist-
ing façade systems. The next step would be to calculate the color rendering index of each module. In addition, it 
would be interesting to determine the U-value of these modules as a function of the configuration of glazing used. 

5. Conclusions 

Measurements on these modules indicate a low visible transmittance and therefore they could not be used for a 
whole façade, however, they can be combined with clear glass for visibility where it is needed and modules laminat-
ed in the same shape of double glazing. The modules can be used as any double glazing. In highly glazed building, a 
part of the façade could become a photovoltaic façade and provide a fraction of the energy demand while providing 
colorful options to enhance the aesthetic of the building.  

(a) (b) (c)
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