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General introduction | p.13 keeping temperature increase below 1.5°C, several countries have already introduced essential requirements towards zero energy buildings. To address this problem and reduce CO2 emissions, the International Energy Agency suggests a 30% reduction in buildings' energy use by 2050. [4] Figure 1. Statistical proof that pressure on energy saving and CO2 emission reduction in the building sector will drive the BIPV market. (a) Worldwide primary energy consumption by different end-use sectors. Data extracted from BP Energy Outlook. [START_REF] Energy | BP Energy Outlook: 2019 Edition[END_REF] (b) Worldwide BIPV commercial market revenue 2018-2026, predicted by n-tech Research, 2017 [START_REF]BIPV Technologies and Markets[END_REF] .

Photovoltaics (PVs) are deemed one of the most important building-adapted renewable energy technologies, for their feasibility to be deployed on building façades, windows, and roofs, providing us with cleaner electricity. The last decade has witnessed a drastic drop in solar costs, alongside a tremendous growth in the PV market, leading to more building applied/attached PV modules (BAPV). [START_REF] Yan | [END_REF] This current situation imposes two main limitations: the accessible area in cities is restricted to rooftops and only some façades, and from an architectural point of view, these BAPV provide poor aesthetics. This scheme was the original impetus for building integrated PVs (BIPVs) to appear as a more desirable solution (Figure 1.b). In contrast to BAPV, reports argue that PV materials can become a true raw building material, like wood, concrete, or glass, if their integration is considered from the early design stages. [8,9] Following this, BIPV can represent both an aesthetically attractive option for new construction or renovation projects and an option adapted to the specificities of urban contexts, characterized by strict limitations on construction. A wide General introduction | p.14 range of BIPV electric generation capacity is reported in the literature, ranging from a few MWhr/yr to more than 100 MWhr/yr, with efficiency values ranging from 5% to 18%. [10] In the past, PV technologies, as many other renewable energy systems, have often been thought of as performance-driven rather than driven by styling and social acceptance. However, different surveys from the last decade have raised attention on visual aspects. In 2018, a survey of 500 Swiss homeowners showed that 85% of them were considering installing PV, willing to pay a premium of 22% for a roof with architecturally integrated panels compared to a rack-mounted PV installation. [11] Another survey of 138 Californian solar panel installers found that the aesthetics of solar panels was mentioned by 40% of installers as a key factor when selecting a panel to recommend to homeowners. [12] Moreover, aesthetics was found to be a limiting factor to the adoption of solar power in the UK back in 2006, [13] while 17% of respondents of a US survey reported that they were not interested in installing solar panels because they found these panels not aesthetically attractive. [14] This suggested a new trend towards valuing the aesthetic properties of the PV panels rather than on a simple return of investment metric.

Theoretically, BIPV can produce electricity at an attractive cost once considered for energygenerating function and as construction materials, such as roof tiles or façade claddings. This is of particular interest in the context of decarbonizing energy production, especially in densely built areas where traditional ground-mounted PV systems cannot be easily used. As numbers have always influenced science and business, several recent analyses estimated that the BIPV market could grow by nearly 20% compound annual growth rate (CAGR) in the next decade, reaching over US$2.7 billion. [15] The global cumulative installed power of BIPV was 2218.2 MW in 2011 and 4426.1 MW in 2015, holding an average growth rate of ca. 18.3%, with Europe being the largest production region for a market share of ~34 %, while North America contributes to ca. 23% of the production share. [16] As such, this was paid off by real-life applications, where we can see best-practice BIPV examples including the Heron Tower, London, UK (Figure 2 From the first sketches to the final design stage, a better awareness of the possibilities offered by solar panels needs to be shared among the many stakeholders involved. The BIPV value chain includes manufacturers, suppliers, building owners, tenants, property managers, financing bodies, architects, and installers. Each has different priorities, technical constraints, and competencies, so there is a need for creating new collaboration networks between these diverse stakeholders to bridge the gaps. As costs go down with volume and manufacturing automation, the final PV integration expenditures should also decrease. Notably, the branding and sale of PV façades should present PV as a multifunctional building element rather than a semiconductor product, [17] for which only performance matters. For instance, the efficiency losses of colored or white modules become irrelevant when selling a building element: in addition to being the building skin, the PV module can produce between 70-140 kWh/m 2 per year, which is still a significant amount. Hence, broadening the BIPV market does not only require cost decreases but better marketing and communication of its multiple benefits. The BIPV market is segmented between rooftops, skylights, and façade projects. [18,19] Façades can allow similar electricity production in summer and winter in high-latitude countries or sizable production in a dense environment. BIPV elements can find a high-end segment market entrance in substituting expensive ventilated façades (made, for example, out of glass, stones, or marmor), where the cost per square meter of the customized BIPV elements can be in the range of those of the material to be substituted (typically 200 to 400 €/m 2 ). [START_REF]BIPV Product Overview for Solar Facades and Roofs[END_REF] In the long run, with increased volume and considering that standard silicon modules are at 60-90 €/m 2 , the cost of BIPV elements could drop below those of many façade materials and even come close to high-quality-roofing tiles that are about 50 €/m 2 . Customization of color and sizing should not increase the costs by more than 20-100 €/m 2 , depending on the techniques applied, the size of the elements, and, of course, on the level of manufacturing automation.

Notably, the rooftop market is easier to address, as the visual impact of dummies (non-active modules) is not as critical as it would be for façades.

Transparency, colors, and visual comfort, these terms associated with windows industries, façades, and glass for buildings, have stimulated the work on PV materials that can possess these characteristics while providing efficient solar harvesting and energy conversion. During the last decade, the tremendous growth of attempts to harness solar energy also shed light on the fact that there are still plenty of opportunities for new solar power applications before we can generate enough solar energy to meet our current demand. For instance, see-through solar technologies with the partial light transmission have triggered new possibilities of integration that cannot be explored by conventional Si-based modules, such as Automotive-Integrated (AI)-PV, electronic displays, autonomously powered electronic-glazing, etc. Out of the three solar cells generations, the thirdgeneration technologies evolved on both physical and chemical concepts. They emerged as very credible technologies to cut down the cost of solar by using low-cost printing processes with abundant and non-toxic materials. They also benefit from the known organic chemistry richness to design new efficient materials and nanostructures to optimize light absorption, carrier separation, and their transport towards collection. This third-generation PV gathers organic photovoltaics (OPV), dye sensitized solar cells (DSSCs), quantum dots solar cells (QDSC), and perovskite solar cells (PSC).

Although it may appear that DSSC is not the best performing among the emerging technologies (Figure 3), they remain the most mature in terms of stability and from an industrial processing General introduction | p.17 point of view, with an evaluated energy payback time of ca. 3 months. [START_REF] Hagfeldt | [END_REF] Moreover, DSSCs have numerous advantages in non-standard conditions. For instance, they are characterized by the possibility of semi-transparency and bifacial conversion. [22,23] This technology offers unique features such as a high sensitiveness to diffuse light or low power conditions, which pave the way for indoor applications to generate power for IoTs. The power conversion efficiency (PCE) is almost independent of operating temperature and light intensities. Last, the DSSC exhibits broad coloration opportunities depending on the type of chromophore used, which is interesting for BIPV applications. This thesis aims to develop and optimize a selective near-infrared (NIR) DSSC with final motivation to create a fully colorless, transparent, and efficient PV. Following the general introduction discussed above, the thesis starts with a chapter about the state-of-art of different transparent photovoltaic (TPV) technologies. After highlighting the main achievements in the TPV domain, a brief yet exhaustive description of NIR-DSSC is presented. In this context, the principle of DSSC is discussed, followed by an overview of the semitransparent DSSCs in the literature.

Particular attention is paid to the efforts carried out on molecular engineering to extend light capture of the dyes towards the NIR region.
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Chapter 2 is dedicated to the aesthetics evaluation of PV systems. Starting from understanding the visual system and how we perceive colors, the different colorimetry parameters and metrics defined by the international commission of lightning (CIE) are introduced and discussed. This chapter provides guidelines followed in my thesis work regarding the aesthetics evaluation of the developed NIR-DSSC. Moreover, we propose standardizing the criteria followed when referring to the color evaluation of PV by presenting a simple yet precise method.

Chapter 3 presents our first attempt towards selective-NIR light-harvesting in DSSC, followed by optimizing the cyanine dye coded VG20-Cx. Different approaches targeting the dye structure, the sensitizing conditions, and the electrolyte composition are followed and presented in detail. The Based on the results achieved with the cyanine dye VG20-Cx, and upon identifying the limiting processes, chapter 4 presents our approach towards higher PCE by developing a new series of dyes from the pyrrolopyrrole cyanine (PPcy) family. Following the presentation and the computational studies of these dyes, their integration for the first time in DSSC is presented. Once again, the IMVS/PS, dark charge extraction experiments, TCSPC, and ultra-fast pump-probe absorption and fluorescence spectroscopy were combined to provide robust insights on the device performances.

In the last chapter, the aesthetics optimization of the best performing dye from the PPcy family is discussed, covering the different parameters contributing to the visual aspect of the DSSC, such as photoanode's thickness, electrolyte composition, and sensitizing conditions. Finally, we present our most recent results in achieving high PCE with NIR harvesting by DSSC technology while rendering the devices transparent and color-neutral. This research work led to the development of NIR-DSSC with PCE > 4% and AVT > 75%, which credibly places this technology as one of the best TPV systems.
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Chapter 1. The emergence of transparent photovoltaics (TPV): a state of the art

In general, PV modules were always designed to absorb as much visible light as possible for the sake of producing a maximum of energy. Consequently, the resulting panels are opaque, mainly black or dark blue. To enhance their adoption in the BIPV domain, these panels had to produce a colored outlook at least, thus reflecting a part of the visible light spectrum, inevitably causing a reduction in the power conversion efficiency (PCE). In addition to the more desirable colors, transparency is a major key factor for the BIPV to be acceptable by industries and end-users. In the recent past, BIPVs were still hindered from large-scale implementations due to the struggling of the standard PV modules in meeting the architectural materials' transparency level and aesthetics standards. The emergence of semi-transparent and transparent photovoltaics (STPVs and TPVs), which consider both light absorption and transmission, had shown great potential by combining both visible transparency and solar power conversion. [START_REF] Traverse | Emergence of highly transparent photovoltaics for distributed applications[END_REF] Similar to the conventional ones, STPVs and TPVs' photovoltaic performances are still evaluated based on the power conversion efficiencies under standard illumination conditions (A.M.1.5G).

Nonetheless, the transparency must be evaluated according to an acceptable standardized metric.

In general, the window industry relies on the average visible transmittance (AVT) as a truthful value to evaluate the optical transparency of glazing and thus compare different products within the same metric. [START_REF] Boyce | [END_REF] As such, AVT was adopted by the PV industries as an aesthetic parameter. It is defined as the weight of the integration of the transmission spectrum of the PV module against the photopic response of the human eye and the solar photon flux.

𝑨𝑽𝑻 = ∫ 𝑻(𝝀)𝑽(𝝀)𝑺(𝝀)𝒅(𝝀) ∫ 𝑽(𝝀)𝑺(𝝀)𝒅(𝝀)

Where λ is the wavelength, T(λ) is the transmission of the tested device, V(λ) is the photopic response, and S(λ) is the solar photon flux (AM1.5G). AVT calculation and other aesthetics Chapter 1 | p.21 parameters evaluation, namely the chromaticity coordinates, color rendering index, correlated color temperature, color purity, and dominant wavelength of the PV modules, will be explained in-depth in Chapter 2.

To discuss different STPV and TPV technologies, it is salient to group them into two variants according to the approach for light-harvesting, i.e., wavelength-selective or non-wavelengthselective (Figure 4). [START_REF] Traverse | Emergence of highly transparent photovoltaics for distributed applications[END_REF] Not all PV technologies can afford selective conversion of specific wavelength regions. Indeed, the established crystalline semiconductors for which the formed band structure entails unselective photon absorption for all energies greater than the bandgap value. On the other hand, molecular-based PV devices are in stark contrast with the latter since light absorption involves discrete electronic transitions.

Figure 4. PV systems with various degrees of transmission (adapted from reference). [START_REF] Traverse | Emergence of highly transparent photovoltaics for distributed applications[END_REF] (a) Diagram of a conventional opaque PV (full spectrum sunlight represented by white arrows) and an example of a resulting PV module. (b) Diagram of spatially segmented PV and an example of a final module from ref. [26] (c) Diagram of a non-wavelengthselective, thin-film PV and an example perovskite-based module [27] (narrow white arrow represents partial transmission). (d) Diagram of a non-wavelength-selective solar concentrator and a photo of colored LSC. [28] (e) Diagram of a wavelength-selective TPV and an OPV example cell. [29] (f) Diagram of a wavelength-selective LSC and a wavelength-selective LSC module. Wavelength-selective TPV technologies preferentially harvest UV (violet arrows) and NIR (red arrows) light while permitting the transmission of visible light (rainbow-colored arrows)
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Non-wavelength-selective TPV

As their name implies, the non-wavelength-selective TPVs exhibit a broad absorption of the solar spectrum, including the visible range. To achieve transparency, the first attempts were based on spatial segmentation of the traditional opaque PVs, which is dispersing the opaque solar cells across a transparent substrate. [27,30,31] Another approach is based on the thinning of the absorbing layer to increase the transparency of the device. [32][33][34] On average, these technologies feature PCE values between 0.1% [34] to 14% [35] and AVT values up to 50%. [34] They exhibit an intense color, which can be an advantage for some applications, but also a limitation for others.

Despite their remarkable PCE values, solar cells based on III-V technologies are not highly recommended for BIPVs. Due to the high production cost, GaAs is restricted to particular markets that demand high efficiency while the price is lowly considered, such as space technologies. [36] Emerging technologies enabling low-cost and large-scale production of GaAs might make a change. However, the toxicity of As and the scarcity of Ga still hinder it from wide application in civil uses. A similar situation exists for InP, GaInP, and multijunction solar cells stacked with III-V group materials. Consequently, in the foreseeable future, it is hard to witness large-scale implementations of these technologies for the BIPV field.

As Si PV technology dominates the market owing to high PCEs and its large-scale industrialization, which substantially cut the cost per energy, early practices of TPV appeared on Si-based solar cells. Conventional crystalline Si (c-Si) wafers, with thicknesses in the range of 150-200 µm, which are primarily used in commercial technology, are unable to transmit wavelengths in both the visible and NIR portion (340-1100 nm). [START_REF] Brendel | Thin-film crystalline silicon solar cells: physics and technology[END_REF] Even though thinning of c-Si was considered an approach to increase the transparency, the absorption of long-wavelength light (λ > 600 nm) becomes extremely limited in thin films. [START_REF] Wang | [END_REF] As such, their transmitted light usually appears to be dark brown to reddish light brown, which means that their potential application to solar cells is very limited (Figure 5.a). [39] Recently, the commercial developments of tandem amorphous/microcrystalline silicon (a-Si/µc-Si) thin-film modules have been studied for seethrough or colored BIPV modules (Figure 5.b). [39] This proof of concept was yet limited to low transmission values of the final panels (20%). Differently, "Silver cells," which are thin, singlecrystal silicon solar cells, can show higher transparency due to the module architecture based on preview of how spatial segmentation of opaque solar cells will appear (Figure 5.c). [40] A high value of >75% AVT was evaluated from the work of Biancardo and co-workers for non-wavelengthselective microspherical semi-transparent solar cells based on Si wafers (Figure 5. d). [26] This high AVT is for a device of 1.17% PCE yet bearing a low aesthetic appearance. An alternative approach was recently demonstrated to construct transparent color-neutral c-Si substrate by placing microhole-shaped light transmission windows utilizing a 200-µm-thick c-Si wafer, achieving 12.2% PCE with a transmittance value of 20% (Figure 5.e). [41] For such technology, a photolithography process and a deep reactive ion etching process were used to fabricate the microhole arrays on c-Si wafers, which brings new obstacles such as cost and larger-scale compatibility with the existing production line. Light-through a-Si/µc-Si thin-films BIPV modules with 20 % transparency. [39] (c) A flexible solar cell module based on spatially segmented silver cells. [40] (d) Sphelar® module based on spherical silicon solar cells. [26] (e) A transparent substrate of a 200-µm-thick c-Si wafer, fabricated with hole-shaped light transmission windows. [41] Accordingly, as perovskite PVs recorded a certified PCE of 25.5%, which is a value close to crystalline silicon technology, [START_REF]Best research-cell efficiency chart[END_REF] there have been attempts to fabricate segmented perovskite STPVs. [27,31,[START_REF] Wu | [END_REF] Despite their high potentials, inferior electrical properties of patterned perovskite films to conventional un-patterned ones made it difficult to reach a PCE of over 20%. [START_REF] Li | [END_REF][START_REF] Shin | [END_REF]46] The loss in performance is mainly attributed to the low compatibility of the patterning processes with perovskite materials. It resulted in lower-quality films, inferior interface quality between the electron transport layer and the perovskite layer, and non-uniformity between patterned microcells. [START_REF] Wu | [END_REF][46][47][48][49] Colored semi-transparent perovskite solar cells with a PCE of around 6.5% were reported by Eperon et al. back in 2014, with an AVT < 25% (Figure 4. c). [27] This was achieved by creating microstructured arrays of perovskite, called islands, on a length-scale small enough to appear continuous to the eye yet large enough to enable unattenuated transmission of light between the islands. The best result in terms of PCE is 10.3%, with an AVT of 38%, showing the potentiality of this technology for STPV applications (Figure 6.a). [50] This was achieved by fabricating patterned perovskite films based on a microsphere lithography SiO2 honeycomb scaffold template, which was derived by a combination of air-water interface self-assembly and O2 plasma etching.

However, perovskite-based technology still faces many impeding issues before large-scale deployment, particularly the stability and toxicity originating from soluble lead and DMF/DMSO solvents for processing.

It is noteworthy to mention that stemming from research on lead halide perovskite solar cells, PbI2

(a common perovskite precursor) was found to function as a photovoltaic material. [51] Recently, Lunt et al. showed that the lead halide TPVs are presented to achieve a PCE over 1.0% after device optimization while the AVT exceeds 70% (Figure 6.b). [52] Figure 6. TPV devices based on (a) semitransparent perovskite solar cell reprinted from reference [50], and (b) leadhalide solar cells reprinted from reference [52]. To sum up, the literature reports two pathways to achieve non-wavelength-selective TPV: either by spatial segmentation of the opaque solar cells or by thinning the visible-light absorbing materials to achieve a higher transparency level. However, The Shockley-Queisser limit in broadband absorbing architectures varies sharply with AVT due to the inherent trade-off between performance and transmission, where PCE approaches zero as AVT approaches 100%. This will be highlighted next while discussing the wavelength-selective TPV technologies.

Wavelength-selective TPV

Regardless of all the development in the non-wavelength-selective PV technologies, the trade-off between the PCE and AVT is one first limitation of this approach, and secondly, the optical characteristics of the absorbing materials result in a colored device. As color-neutral appearance brings new opportunities for PV integration, wavelength-selective PV has appeared to be a gamechanging material. In principle, to build a wavelength-selective TPV achieving both high transparency and color neutrality, the TPV device should transmit solely and totally the incident visible. By contrast, the ultra-violet (UV) (λ < 390 nm) and the near-infrared (NIR) part of the light (λ > 720 nm), which are both outside the human eye sensitiveness, are required to be quantitatively absorbed by the photoactive material to generate electricity. In order to absorb the UV light selectively and transmit all the visible light above this wavelength, the semiconductor requires a bandgap higher than 3.1 eV. As such, these high-bandgap materials are limited to a Shockley-Queisser limit of ca.6%, imposing significant restrictions on future performances.

However, the NIR part of the solar spectrum can be harvested by means of molecular devices, as will be discussed in the following.

The theoretical limit of PCE for a single junction wavelength-selective TPV technology, combining UV-selective and NIR-selective absorption, with an average visible transmittance (AVT) of 100% is 20.5%. This value is lower than the 33.2% Shockley-Queisser (SQ) limit for an opaque single-junction cell of 1.34 eV bandgap. This value has been determined based on the work of Lunt et al. by applying the ideal EQE curves to the Shockley-Queisser limit model. [53] In practice, only 10.8% can be expected after considering all optical losses from the selective conversion of both UV and NIR regions. As presented in Figure 7.a, an increase in AVT will Chapter 1 | p.26 inevitably cause a reduction of the PCE for all optical excitonic gaps. Considering, for example, the bandgap value of crystalline silicon technology (1.12 eV), a wavelength-selective TPV shows evident advantages in the PCE limit against a spatially segmented one, mainly when a high AVT is essential (AVT > 60 %) ( When AVT value is greater than 60%, wavelength-selective technologies are appealing to be developed. However, it calls for new developments in terms of materials and device design to reduce all parasitic losses of incident visible light. As discussed, the common solid-state semiconductors cannot meet the requirements as their continuous energy levels lead to continuous photon absorption above the bandgap value. For UV-selective light-harvesting, we find in literature practices on using some metal oxide semiconductors, such as NiO and ZnO. [34,54] Even though promising AVT values were achieved (> 70%), low photocurrents were obtained with this approach, resulting in low PCE (< 0.5%). Once again, the emergence of perovskite has provided study material for TPV due to its excellent bandgap tunability. By substituting iodide with smaller halides (I -> Br -> Cl -), the absorption onset of perovskites is gradually blue-shifted with a [55] MAPbCl2.4Br0.6 -based devices were better performing, even though the champion PCE remains low (0.52%). The main outcome is the aesthetics, as the authors reached an AVT of 73% (Figure 8). As this prototype only has an EQE of 20-30% and a FF of 45%, a future PCE value approaching 4% is in prospect when an EQE above 90% and a Voc of 2.0 V can be achieved.

Figure 8. transparent perovskite solar cell with MAPbCl2.4Br0.6 composition. reprinted from reference [55].

According to the energy distribution of the AM 1.5G solar spectrum, 51% of the solar energy lies within the infrared (IR) region (Figure 9). [START_REF]Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37° Tilted Surface[END_REF] As a result, the theoretical PCE of a selective-IRwavelength absorption PV can be as high as the device with only visible absorption, or even better.

Organic solar cells based on polymer or small-molecule organic materials gave an obvious solution for NIR selective absorption due to the nature of relatively discrete molecular orbitals revealed in a non-continuous absorption. And so on, what was deemed a defect limiting light absorption in these PV devices has turned out to be irreplaceable for developing high-performance TPVs. [START_REF] Chang | [END_REF] In ITO), the work of Chen et al. realized a device of 4.01% PCE along with a 64.4% AVT. [29] The design presented in this work has been a typical design in that stage, with a film consisting of a low-bandgap polymer donor and fullerene acceptor being sandwiched by transparent electrodes. [58][59][60][61][62][63][64] The non-fullerene small molecules acceptors emerged not so long after, paving the way to further improved performances for OPV cells and organic TPV based on NIR-response donors and acceptors. Following this strategy, scientists have developed devices since 2017 possessing a PCE of 7-10% with an AVT of 30-50%, proving the enhancement in performance.

Recently, Liu et al. demonstrated a remarkable device with a narrow-bandgap acceptor (FOIC) and PTB7-Th as the donor, with a maximum absorption peak at 820 nm, achieving 8.32% PCE and AVT values >50%. [65] However, most of the used organic materials still uniformly absorb in the visible range revealing a recognizable color, which necessitates the addition of dielectric layers to modify the spectral transmittance and thus enabling a real sense of color-neutral TPV. [66] The waveguide is embedded with molecular chromophores that harvest the incident light and reemit photons by fluorescence at a longer wavelength. [67] These photons are guided through total internal reflection until reaching the edge-mounted solar cells, such as GaAs, Si, and DSSC. As such, areas of solar cells are reduced in LSC systems, and an excellent level of transparency can be reached because there are no electrodes exposed to incident light. The color and transparency of LSCs can be adjusted to a great extent by regulating the type and concentration of chromophores. Three types of families have been reported in the literature. The first, reported by Luo et al., consists of Yb 3+ doped perovskite nanocrystals absorbing in the UV region while exhibiting photoluminescence (PL) in the NIR range, thus having sufficiently high Stokes shift. [68] This approach is limited by the low solar irradiance in UV. Another strategy consisted in inserting a NIR absorber which also emits deeper NIR photons. As such, a spectral overlap between the absorption and the PL spectra needs to be avoided in order to limit photon-recycling phenomena within the absorbing layer. This approach was discussed by Zhao et al. in 2014, using fluorescent organic cyanine salt that selectively harvests NIR photons, yielding a very high AVT value of 86% and a color-neutral appearance. [69] Recently, Lunt et al. reported a PCE of 1.12% after device optimization of the COi8DFIC-LSCs, with an AVT exceeding 75%. [70] Nevertheless, photon recycling events still exist in these materials, therefore hindering to some extent higher performances to be obtained. Recently, Yang et al. reported a new strategy by introducing a dual-band selective-harvesting LSC composed of two distinct waveguides: UVselective phosphorescent hexanuclear nanoclusters, which are coated on the top waveguide, and a fluorescent organic small molecule to harvest NIR photons selectively on the bottom. [70] With such a dual-band structure, a PCE of over 3% is achieved with an active area of ca. 25 cm² and an AVT of over 75%, setting an outstanding example for developing transparent LSCs with high performance.

Dye sensitized solar cells: semi-transparency and ensuing advantages

A dye sensitized solar cell (DSSC) is a molecular cell that relies on electrochemical processes, composed of two electrodes, namely the photoanode and the counter-electrode, separated by an electrolyte containing a redox mediator (Figure 10). [71] The core of such a device is the dye, Chapter 1 | p.30 anchored onto the anatase TiO2 nanocrystals, which rules the device performance in terms of lightharvesting and the final aesthetics depending on the absorption fingerprint of the latter. Based on the dye structure and the possibility of fine molecular tuning, different levels of transparency and color can be given. Consequently, the DSSCs have been deemed an interesting technology to achieve efficient energy conversion and required visual comfort by being wavelength-selective.

The record PCE reported in the literature is 14.2% by associating a D-π-A porphyrin dye with cobalt (+III/+II) polypyridil complex. [72] The operating principle of a DSSC and the main processes at different time scales are reported in Figure 10. As the light is absorbed by the dye, electrons get promoted from the ground state to the excited state (process 1). This is followed by electron injection from the dye excited-state into the conduction band of TiO2 in the fs-ps timescale (process 2). The injected electrons are transported between the TiO2 nanoparticles (ms timescale) and diffuse towards the transparent conducting oxide (process 3), where they travel to the counter electrode through an external load. At the counter electrode/electrolyte interface, the oxidized species of the redox couple get reduced, and thus the dye regeneration takes place due to hole capture by the reductive redox species in μs timescale (process 4). Finally, the diffusion of the redox mediator to/from the counter electrode with electron transfer at this latter occurs in a ms-s timescale, thus closing the loop of the electrochemical cell. However, competitive processes are also governing the device's performance.

For some dyes, the electron injection can enter in competition with the deactivation processes of the excited states, ruling dye injection efficiency. The dye regeneration can also compete with a back electron transfer reaction (i.e., geminate recombination presented as process 5), ruling the dye regeneration efficiency. Last, the electron transport competes with a non-geminate recombination path, i.e., electron transfer from TiO2 to the oxidant form of the redox mediator (process 6). The successful production of current, therefore high IPCE, relies not only on efficient light-harvesting efficiency but also on a quantitative yield of electron injection, dye regeneration, and charge collection efficiency. Each unfavorable deactivation path requires to be at least 10 3 times slower than the favorable pathway to reach 99.9 % yield.

Chapter 1 | p.31 2), electron transport (3), dye regeneration (4), geminate electron recombination (5), and non-geminate electron recombination (6).

Han et al. were the first to report in 2014 a green-colored see-through DSSC with a PCE of 3.66% and a peak maximum transmittance value of 60% at 560 nm (Figure 11.a). [73] This green semitransparent technology is based on the co-sensitization between two efficient dyes absorbing in the visible range, one short D-π-A dye (Y1) for blue-light conversion (λ = 400 nm) and a centralmodified squaraine dye (HSQ5) absorbing in the red region (λ = 700 nm) leaving an absorption valley in the green. A photochromic semi-transparent DSSC was also proposed by Demadrille et al., who reported an AVT value of 59% in the dark without photovoltaic activity. The AVT value decreases to 27% under illumination, affording the possibility of converting sunlight with a PCE maximum of 3.7% (Figure 11.b). [74] Semi-transparent DSSC based on a visible absorbing dye N719 was also proposed by Mallick et al., who reported a maximum AVT of 44% depending on the photo-anode thickness with an efficiency of 2.4%. [75,76] Recently, a dual-band luminescent solar converter-coupled with a dye-sensitized solar cell was reported by Moon and co-workers (Figure 11.c). They achieved so far the most efficient semi-transparent DSSC, with a 7.8% PCE and 43 % AVT. [77] Chapter 1 | p.32 Whereas a significant amount of research has been carried out to optimize the device performances of lab cells (< 1cm 2 ), research on large area DSSC modules is merely ∼1% of that on DSSC. [78] A few years ago, Demadrille et al. reported an orange-reddish benzothiadiazole-containing dye, namely RK1 (PCEmax= 10.2% for a 0.16 cm² active area), which was one of the first purely organic photosensitizers to be implemented in a large semitransparent DSSC module and suitable for BIPV, with a power output of 10.5 W/m² for an active area of 1400 cm² (Figure 11.d). [79] Recently, they reported mini-modules fabricated by Solaronix based on the Ru-based dye N719 and a benzothiadiazole-based dye YKP-88 (Figure 11.e). [80] The YKP-88 mini-module (23 cm²) shows an aesthetic burgundy red tint with an AVT of 26% (measured between 380 nm and 740 nm). This prototype showed a current, Isc of 58.1 mA, a Voc of 3.63 V, and a FF of 58.26%, leading to a power output of 122.9 mW when measured under 1 Sun. This corresponds to a surface power density of 53.4 W/m². These performances are higher than those obtained for the reference N719 mini-module that exhibited a current, Isc, of 51.8 mA, a Voc of 3.52 V, and a FF of 48.5%, leading to a power output of 88.5 mW. [73] , (b) evolution of color of semitransparent NPI-based module when exposed to natural light, reprinted from reference [74], (c) dual LSC/DSSC device based on D205 dye, reprinted from reference [77], (d) large area DSSC panels fabricated by Solaronix, reprinted from reference [79], and (e) mini-modules fabricated with YKP-88 and N719 dyes, reprinted from reference [81].

(a) (c) (b) (d) (e)
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Towards selective light-harvesting: NIR-dyes for fully colorless and transparent DSSC

The peculiarity of being highly transparent can meet with color-neutrality by consolidating the capability of NIR or UV-selective light harvesting with a fully colorless electrolyte. During the past 30 years of research, an extensive library of dyes has been developed to improve either the overall performance of DSSC or to fill in the rainbow coloration possibility. A conventional photosensitizer requirement is to reach panchromatic absorption, covering the whole visible to the NIR region. Scrutinizing the UV part was trickier as the FTO, TiO2, and the conventional electrolytes absorb in the UV region, limiting the expectations from harvesting this wavelength range in DSSCs. A common approach toward panchromatic absorption is dye engineering to broaden its spectral response. A well-known example for Ru complexes is the N749 dye, also known as "Black Dye." [82] Introducing a terpyridyl ligand in replacement to the bipyridyl counterpart (N3 dye) resulted in an extended response of 100 nm to the red. A further red-shifted metal-to-ligand charge-transfer (MLCT) transition has also been obtained in N1044 dye bearing a quaterpyridine ligand, leading to an IPCE spectrum reaching 33% at 800 nm and extending till 910 nm. [83] Nevertheless, the low molar extinction coefficient in the NIR region of this class of dyes led to the investigation of other sensitizers based on different transition metal or metal-free organic dyes and the use of NIR dyes as co-sensitizers. [84] However, involving MLCT transition in this class of dyes renders the selective absorption of the NIR region not possible. The design of a sensitizer fulfilling this requirement should stem from singlet-to-singlet transitions with narrowed exciton gap energy.

Consequently, electron injection and dye regeneration kinetics will be affected, representing one crucial challenge in optimizing such dyes and their interplay with the selective contacts. To assure an effective electron injection, it is typically well-verified that the LUMO level should be located at least 0.2 eV above the conduction band edge of TiO2 (ECB = -0.45 V vs. NHE). This will place the LUMO level of the sensitizers at ca. -0.75 V vs. NHE, and thus, its HOMO level in the range of +0.75 V vs. NHE for a sensitizer with an optical energy gap in a range of 1.5 eV (ca. 820 nm). Specific dye designs are also required when replacing conventional redox mediators with a metalbased redox couple to afford successful dye regeneration. One approach consists of adding the bulky triarylamine building block with four alkyl chains known as "The Hagfeldt donor." [85] Chapter 1 | p. 34 A variety of dyes have been synthesized for DSSC to reach NIR conversion. [86] Nevertheless, to reach selective NIR-light harvesting, the dye requires no absorption in the whole spectral region covered by the Human eyes. The different classes of dyes possessing energetic levels that can ensure an efficient injection while having an energy gap sufficiently narrow to absorb selectively the NIR region are limited. Mainly phthalocyanines, porphyrins, and polymethine structures are of interest. [87][88][89][90][91] Phthalocyanine (Pc) dyes, known for their high molar extinction coefficient and thermal/chemical stability, can exhibit an absorption maxima in the NIR region with PCE values ranging between 1 and 6.5%. [92][93][94][95][96][97][98] Nonetheless, Pc molecules with their planar macrocycle rich of π-electrons tend to form strong aggregates in solution and when anchored onto TiO2, thus limiting their performances. Overcoming the aggregation problem, porphyrin dyes (Por) are advantageous over the Pc family. These dyes achieved a PCE record of 13 % with SM315 dye. This latter exhibits a broad absorption spectrum with the longest wavelength maximum at 668 nm. [99] However, even upon structural engineering to extend the absorption towards the red part, Por dyes are still considered as visible light absorbers, and thus the NIR-selective absorption is still to be demonstrated through molecular engineering. DSSC based on phthalocyanine or porphyrin dyes may not be colorless due to absorption residuals in the visible range with a high molar extinction coefficient. However, their high thermal and chemical stability makes them suitable for application in building integration. Furthermore, many efforts have already been made in dye engineering, paving the way for new opportunities, particularly in the case of porphyrin dyes.

Polymethine dyes are highly conjugated molecules and a family well-known for their NIR absorption, a high molar extinction coefficient, and easily tuneable properties through central core or lateral units' modification. [100,101] They have been first explored as sensitizers for silver halide photography, associated with other large bandgap semiconductor materials, and as probes for biological applications. [102,103] By varying the length of the polymethine chain and the lateral units, it is possible to shift the S0→S1 transition from the visible towards the NIR region. However, a critical drawback in this class of dyes is also the self-aggregation, mainly when anchored onto the semiconductor surface. [START_REF] Tian | Organic Photovoltaics[END_REF] Aggregates are very detrimental for the device performance and can even cause an onset of new absorption bands, which can overlap with the human eyes photopic response, therefore conferring device coloration. Aggregation can be mitigated by a cosensitization approach, adding a de-aggregating agent such as the chenodeoxycholic acid (CDCA) Chapter 1 | p. 35 or by introducing bulky lateral units or long alkyl chains. [START_REF] Zhang | [END_REF] Herein, both squaraine and cyanine dyes that belong to the polymethine dyes family are reviewed, presenting the first promising candidates for NIR-selective conversion in DSSC.

Squaraine dyes

Squaraine dyes have been widely investigated for DSSC applications because of their peculiar molecular structure. [106,107] The core is composed of a four-membered aromatic ring derived from squaric acid. Depending on the lateral units, they can be either asymmetric, which were at the core of all first squaraines developed so far to induce charge directionality in the excited states, such as in the most-known SQ01 by Nazeeruddin et al. [108] , or symmetric, which brings ease to the synthesis while maintaining the same optoelectronic properties as demonstrated by Viscardi and coworkers. [109] After inserting a -C8 alkyl chain as an N-alkyl substituent, the longer alkyl chain led to the reduction of the molecular dye aggregation at the surface of TiO2, achieving a PCE of 4.5% (Jsc = 10.5 mA/cm², Voc = 603 mV, ff = 0.71). However, this type of dye is not enough redshifted to become a real candidate for transparency owing to its absorption maximum at 636 nm.

Adding an aromatic ring in the indolenine unit induced a bathochromic shift of 25 nm for SQ02 other than improving photovoltage and photocurrent with an overall 5.4% PCE (Jsc = 11.3 mA/cm², Voc = 667 mV, FF = 0.72). [110] The IPCE spectra of SQ01 and SQ02 are reported in Figure 12.

Geiger et al. synthesized a squaraine dimer BSQ01 with strong and sharp absorption at 730 nm and a very high molar extinction coefficient (ε = 389000 M -1 cm -1 ), presenting an effective approach for red-shifting the squaraine absorbance. [111] However, the performances of this type of dye were rather limited (PCE = 1.3% Jsc = 3.11 mA/cm², Voc = 545 mV, FF = 0.76). Following this concept, Maeda et al. proposed the LSQ series that reached 2.3% PCE for LSQa dye (Jsc = 9.05 mA/cm², Voc = 0.46 V, FF = 0.54) and strong absorption between 770 -800 nm, however with tails in the visible range. [112] The structures of the reported dyes are summarized in Figure 12. and SQ02 dyes. [113] Magistris et al. developed VG5 dye, where the introduction of a benz[c,d]indolenine unit affords reaching 36% IPCE at 800 nm with a tail of conversion up to 900 nm. [114] However, also in this case, although the optoelectronic properties of the dye are highly promising, it reveals in devices a low PCE value of 1.1% only (Jsc = 7.3 mA/cm², Voc = 350 mV, FF = 0.43). One particularity of this dye lies in the position of the anchoring group, which is not located on the benzoindolenine unit but on the other indolium ring. A remarkable accomplishment was achieved by Han et al. with hemisquaraine HSQ5, [73] reaching a maximum PCE of 2.3% when associated with a very thick opaque photoanode structure (Jsc = 5.47 mA/cm², Voc = 603 mV, FF = 0.70). The absorption spectra and the structure of both VG5 and HSQ5 are reported in Figure 13.

Chapter 1 | p.37 As aforementioned, developing asymmetric squaraine dyes was questioned upon the development of the symmetrical VG1 dye showing similar performances to SQ01 counterpart (PCE = 4.6%, Jsc = 9.4 mA/cm², Voc = 629 mV, FF = 0.77). [109] VG1's IPCE spectrum is red-shifted by 15 nm, and it generates more photocurrent due to the locked structure in the cis conformation, as also proved by Maeda and Han, who inserted a dicyanovinilene unit as an electron-withdrawing group on the squaric core (SQM-1a) (PCE = 4.6% Jsc = 9.4 mA/cm², Voc = 629 mV, FF = 0.77). [115] Viscardi et al. developed VG10 dye with a maximum absorbance at 673 nm, incorporating for the first time two carboxylic acid directly conjugated on the benzoindolenine ring instead of on the N-alkyl substituent. It delivers a PCE of 6.2% (Jsc = 13.6 mA/cm², Voc = 641 mV, FF = 0.70). [116] Han et al. demonstrated the advantages of positioning two carboxylic anchoring groups in terms of stability to suppress dye desorption (HSQ4 reaches a PCE = 5.6% Jsc = 15.6 mA/cm², Voc = 558 mV, FF = 0.65) in association with a low-volatile electrolyte based on MPN. [117] Adding an electron-withdrawing group on the core unit induces a bathochromic shift of the maximum absorption of about 50 nm and the occurrence of a second absorption band at higher energies, leading to a 30 % enhancement in PCE. [91] Galliano et al. designed a series of squaraine dyes obtaining a photoconversion onset that reaches 51% maximum IPCE at 740 nm with a tail of The emergence of transparent photovoltaics (TPV): a state of the art Chapter 1 | p.38 conversion up to 800 nm for the VG12-C8 dye bearing a cyano-ester group on the squaraine central core and two benzoindolenine units. [118] Nonetheless, these dyes still absorb in the visible region, implying that further developments are needed to achieve a dye that selectively absorbs the NIR portion. The dyes' structures and absorption spectra are shown in Figure 14. 

Cyanine dyes

Cyanine dyes belong to the polymethine family. This class of dyes possesses several key characteristics for their application in NIR-DSSCs. One important is their tunability. Indeed, a slight modification within the chemical structure has the ability to shift the absorption maximum, for instance, with the introduction of the vinylene moiety (-CH=CH-). The first cyanine dye integrated into DSSC was limited to the conversion of visible light. Despite this, it also led to low PCE values inferior to 1%. [119] Soon after, different studies were taking advantage of these dyes to absorb in the NIR region with final motivation to maximize light harvesting in DSSC either by cosensitization [120,121] or to explore selective NIR-DSSC. [122] (a) (b)

Chapter 1 | p. 39 Sayama et al. synthesized a series of cyanine dyes, for which the absorption maximum was redshifted from 443 nm, 555 nm, to 660 nm by increasing the number of vinylene units from 0 to 2, with the latter achieving the best performance with a PCE of 2.5% and an IPCE maximum of 50 % up to 600 nm. [123] One of the most efficient NIR dye is the cyanine NK-6037 reported by Arakawa et al. in 2009, achieving a PCE of 2.3% (Jsc = 8.85 mA/cm², Voc = 450 mV, FF = 0.58). [122] The introduction of the benzo-condensed heteroaromatic unit in the polymethine chain leads to an absorption of over 800 nm. When associated with an unusually thick photo-anode (i.e.,> 25µm), they reported an IPCE of over 50 % at 840 nm with a tail extending up to ca. 950 nm. Later Matsui and co-workers proposed another cyanine dye coded KFH-3 (λ = 787 nm and ε = 263000 M -1 cm - 1 ) associated with ZnO photo-anode. [124] The authors achieved an overall 1.2 % PCE (Jsc = 3.34 mA/cm², Voc = 490 mV, FF = 0.76) for a 7 µm thick ZnO electrode and an IPCE maximum of 33 % at ca. 790 nm.

A comparison between symmetrical and unsymmetrical cyanine dyes was investigated by Nüesch et al. [125] They showed that the symmetrical cyanine offers a red-shifted absorption and the highest molar extinction coefficients, similarly to squaraines. The dye Hepta4 is designed as a polymethine core rigidified by a cyclohexene moiety and one anchoring carboxylic group terminating the benzoindolenine (Figure 15). The dye reached an absorption maximum at 758 nm (ε = 82500 M -1 cm -1 ) and a PCE of 1.2 % (Jsc = 3.22 mA/cm², Voc = 480 mV, FF = 0.78) with a transmittance of 40-55% in the visible range. A transparent pale-green DSSC was achieved based on this cyanine dye (Figure 15), thus highlighting the relevance of developing such dyes for TPV.

First explanations on the systematically low PCE values for cyanine dyes were reported in 2015 by Ziolek et al. using ultrafast pump-probe transient absorption spectroscopy (ref). The authors proved that one main limitation is the strong tendency for dye aggregation. For this, they investigated MK-245 dye, which the structure is closely related to NK-6037, however without being as efficient (PCE = 0.46%, Jsc = 2.51 mA/cm², Voc = 375 mV, FF = 0.49). [126] Chapter 1 | p.40 

Conclusions

The scope of this chapter was to provide a general but in-depth description of the state-of-the-art of the different transparent photovoltaic (TPV) technologies. These technologies can be either wavelength-selective or non-wavelength selective. We reviewed the best achievements in both groups and highlighted the importance of wavelength-selective light conversion, namely the UV and NIR-light, to achieve fully transparent and colorless PV. Moreover, a particular attention has been given to dye engineering towards NIR light harvesting.

Different classes of dyes have been developed and investigated so far for dye-sensitized solar cells.

The approach of dye engineering has afforded to develop DSSC devices with a variety of colors and with a good level of performance. However, with the aim to develop a selective NIR-DSSC, the choice of sensitizers becomes limited to a very few families. In the current state of the art, the most interesting family remains the polymethine dyes from an optical point of view. The most interesting for this application is clearly the cyanine dyes because of their absorption spectrum's tunability, the high molar extinction coefficient, and the sharp and strong absorption in the NIR region.
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Chapter 2 Chapter 2. Colorimetry for photovoltaics: A route to assimilate how to report a solar panel's color

The concept of color is one of the most fundamental building blocks on which we humans interpret the world surrounding us. It is a pervasive part of our visual experience. For that, colorimetry, or the science of color, which is closely associated with human vision, has attracted a great deal of interest that spans many centuries. Understanding how we perceive colors necessitates understanding the human eye's sensitivity, after which we will be able to quantify the color characteristics (Figure 16). In this chapter, colorimetry for photovoltaics is explained in detail.

Definitions, equations, and metrics to evaluate colors of opaque and semi-transparent solar cells are given. Requirements to achieve fully colorless and transparent photovoltaics are highlighted. 

Human eye sensitivity: How do we perceive colors?

The inside of the human eyeball is clad by the retina, which is the light-sensitive part. It is composed of rod cells and cone cells (Figure 17.a). The number of rod cells is higher than the cone ones. Rods are more sensitive to light over the entire visible spectrum, providing us with twilight vision. Since the 18 th century, the human visual system has been defined to possess a trichromatic color vision based on the three primary colors: red, blue, and green. The physiological evidence for the trichromatic theory was later given, as proved by color-matching experiments. [127] As such, three types of cone cells are at the basis of the eye's sensitivity, namely the red, green, and blue cones. Depending on the luminance level of the light, the vision is mediated by either cone or rod cells, leading to three different vision regimes (Figure 17.b). The scotopic vision regime relates to human vision at low ambient light levels, such as at night. In this case, the rods mediate the vision for luminance lower than 5.10 -2 cd/m 2 . Even though the rods have higher sensitivity than the cones, the sense of color is essentially lost within the scotopic vision regime. At higher luminance levels, greater than 6 cd.m 2 like during full daylight, our cones mediate the vision. This is the photopic regime. Between the scotopic and photopic regimes, we have the intermediate mesopic vision, where both cone and rod cells are active. Chapter 2| p.45

The physical properties of light are usually characterized by radiometric units such as radiant flux, radiant intensity, irradiance, etc.… However, these units are irrelevant considering the light perception. For instance, infrared radiation causes no luminous sensation in our eyes. Therefore, photometric units are needed to characterize the light and color perception by the human eye. For example, defining the light intensity of an optical source as perceived by the human eye gives us the photometric quantity of luminous intensity, i.e., the ratio of the luminous intensity emitted divided by the projected surface area gives us the luminance. This is the unit used to classify the different vision regimes. The conversion between radiometric and photometric units is provided by the luminous efficiency function or eye sensitivity function: the photopic response, V(λ). [START_REF] Schubert | Light-Emitting Diodes[END_REF] Initially defined by the Commission Internationale de l'Eclairage (CIE) in 1931, the photopic response function V(λ) evolved to obviate any underestimation of the response of human eyes in the blue and violet spectral region (<460 nm). The CIE 1978 V(λ) function, which can be considered the most accurate description of the eye sensitivity in the photopic vision regime, is shown in Figure 18. The photopic eye sensitivity function V(λ) has maximum sensitivity in the green spectral range at 555 nm; i.e., V(555 nm) = 1. For wavelengths ranging from 390 to 720 nm, the eye sensitivity function V(λ) is greater than 10 -3 . Even though the human eye may be sensitive to light with wavelengths Colorimetry for photovoltaics : A route to assimilate how to report a solar panel's color Chapter 2| p.46

< 390 nm and > 720 nm, the sensitivity at these wavelengths is extremely low. Therefore, we can define the visible light in the wavelength range 390 nm ≤ λ ≤ 720 nm. However, for accuracy and to prevent color perception underestimation, 380 nm ≤ λ ≤ 780 nm range is considered in all calculations.

Starting from this point, whenever referring to the transparency of solar cells, Average Visible Transmittance (AVT) is a recommended and generally accepted approach by the window industry. [START_REF] Finlayson | WINDOW 4.0: Documentation of calculation procedures[END_REF] AVT is defined as the weight of the integration of the transmission spectrum of a given solar cell T(λ) against the photopic response of the human eye V(λ) and the solar photon flux Eq.( 1)

The AVT in residential windows can range from 15% for highly tinted glass up to 78% for common double-glazing clear glass. In general, glass with an AVT value above 60% looks clear, and any value below 50% begins to look dark, colored, and/or reflective. [START_REF] Fisette | Windows: Understanding Energy Efficient Performance[END_REF] Achieving highly transparent PV requires then a minimum AVT value of 60%. However, being transparent does not mean being colorless. Therefore, to develop color-neutral PV, other metrics should be taken into consideration.

Colorimetry for photovoltaics

How to define a color: Useful terminology and definitions

As solar panels marked their sixth decade in commercial applications, aesthetics became a more crucial criterion, and the PV market demand was more than just efficiencies. For instance, transparency, color, and color-neutrality were introduced in the field. Such new perceptions of PV panels create a new value for building integration, agri-photovoltaic, urban street equipment, Internet of Things (IoT), or smart panels. Each of these applications necessitates standards of aesthetic appearance in terms of transparency and colors. To accurately report an object's color, a few terms and their definition are to be discussed. This section covers our view on most of the salient points of the topic in relation to the thesis work on selective NIR-dye sensitized solar cells.
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The perception related to the wavelengths of the visible light was often described through sets of primary colors, such as the red, green, and blue system (RGB), and the sets of combinations of these primary colors. This set of colors, defined as the gamut, is usually projected into a color space, where colors are represented mathematically in a specific organization. In different color spaces, color is usually measured by the following four attributes (Figure 19):

(1) Hue: it is the sensation according to which an area appears to be similar to one, or proportions of two, of the perceived colors red, yellow, green, and blue. [START_REF] Hunt | Measuring Colour[END_REF] The hue angle is thus expressed as between 0 and 360° (hue circle). The hue error (ΔH) is used to indicate color difference, but the color brightness/lightness is ignored in this value.

As discussed later, the hue can be expressed by the dominant wavelength.

(2) Brightness: it is the human sensation by which an area exhibits more or less light; as such, lightness is defined as the sensation of an area's brightness relative to a reference white color. Brightness (used for light) and lightness (used for objects) are key parameters in defining a color. It can also be described as the intensity of a color (value), on a scale of 0 to 100%, with zero being completely black and 100 being the brightest and revealing the most color.

(3) Saturation: as the human eye differentiates different levels of a color hue, the saturation of color indicates this differentiation relative to the brightness. It describes the amount of gray in a particular color from 0 to 100%. Reducing this component to zero introduces more gray and thus produces a faded effect.

(4) Chroma: Chromaticness, colorfulness, of an area judged as a proportion of the brightness of a similarly illuminated area that appears white or highly transmitting. It is similar to the concept of saturation but not quite the same.

Chapter 2| p.48 In each panel, one dimension is changing linearly while the other two remain constant.

In the history of colorimetry, different color spaces were used. For example, the RGB color space represents colors as a numeric array whose elements specify the intensity of the red, green, and blue color channels. As the hue (H), saturation (S), and value (V) are used to define color, the HSV color space is also used in computer vision and image analysis for the segmentation process.

However, the international commission of illumination, Commission Internationale de l'Eclairage 

Color Rendering Index

More closely to the desired application of colorimetry in the PV field, we highlight the color rendering index (CRI), introduced by the CIE as a metric to describe quantitatively how accurately the color of a given object is rendered either from a light source or through a transparent medium with respect to an "ideal" illumination source. In our case, it is a transparent medium that is considered for see-through TPV devices. The CRI value is calculated as an average score on eight different test color samples within an evolution of functions. Color rendering gained its tangible importance with the introduction of commercial fluorescent lamps in the twentieth century. [START_REF] Gunde | [END_REF] For comparison, white fluorescent tubes have a CRI value of around 60, standard LED lights score around 80, and only incandescent lamps score 100, which are, effectively, almost blackbody Chapter 2| p.49

radiators. [START_REF] Schubert | Light-Emitting Diodes[END_REF] Depending on the application, the appropriate CRI value is selected; for example, while highway lighting CRI value is usually below 70, a minimum of 80 is required for an office work environment. The selection of the appropriate CRI range for semi-transparent and transparent solar cells in BIPV is stringent as the CRI value defines the spectral transmissive quality of windows and thus encompasses the receiver's visual comfort. [75] In architectural daylight concepts, values above 90 are considered excellent, while CRI < 80 provides an attenuated perception of the colors (Figure 20) [133] This evaluation is of a critical role for TPV to be considered in BIPV applications such as solar windows, as the CRI value will determine how the outside is scene through the PV glazing. 

Color Matching Functions (CMFs) and Tristimulus Values

There are two fundamental methods of producing color stimuli: additive and subtractive color mixing. Basic colorimetry is based on additive color mixing, resulting in color matching experiments. As the cone sensitivity functions are not usually used directly in color calculations, the color matching functions (CMFs) were introduced (Figure 21), namely 𝒙 ̅ (λ), 𝒚 ̅ (λ) and 𝒛 ̅ (λ),

as the numerical description of the chromatic response of the observer (defined by the CIE 2° standard observer; dimensionless). These three CMFs reflect the fact that human color possesses trichromacy; that is, just these three variables can describe the color of any perceived light.

Chapter 2| p.50 The most basic quantities in colorimetry are the tristimulus values (X, Y, Z), as they define the three-color perception values of the human vision. CIE introduced them in 1931 as a more practical replacement of the well-known (red, green, blue) system. [START_REF]International Commission on Illumination[END_REF] Therefore, the CMFs can be thought of as the spectral sensitivity curves of three linear light detectors yielding the CIE tristimulus values, X, Y, and Z.

X, Y, and Z tristimulus values give the stimulation (i.e., power) of each of the three primary colors (red, green, and blue) needed to match the color of a given spectral-power density (SPD) P(λ). The latter can be determined for the PV "test sample," which is the photovoltaic cell in our case.

Because of the distinct similarity of the three retinal-cone-sensitivity functions on the one hand and the color-matching functions on the other hand (both groups of functions have three peaks), each tristimulus value represents the approximate degree of stimulation that each type of retinal cone experiences when illuminated by a light source (illuminant) with spectrum P(λ). For instance, the tristimulus values for a semi-transparent or transparent solar cell are given as follows:

𝑋 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆) 𝑥 ̅ (𝜆) 780 380

𝛥(𝜆)

Eq.( 2) Where τ(λ) is the spectral transmittance of the PV device measured using a UV-Vis spectrophotometer. Note that the green color-matching function, 𝒚 ̅ (λ), is chosen to be identical to the photopic eye response, V(λ). The product of the relative SPD of the illuminant P(λ) by the testsample spectral transmittance τ(λ) or reflectance ρ(λ) (in case of opaque solar cells as discussed later in section 2.2.7) is defined as the color stimulus function. We emphasize here the importance of the 𝛥(𝜆) value, which is the step of the optical transmittance measurements of the solar cell. In some studies, it has been reported a 𝛥(𝜆) of 10 nm. [76,[START_REF] Ghosh | [END_REF] In our study and all the calculations that will be presented, a 𝛥(𝜆) of 1 nm is considered to avoid any overestimation of both the AVT and the CRI evaluation.

𝑌 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆)𝑦 ̅(𝜆)
In addition to the PV cell test sample and the reference illumination source (A.M.1.5G in this case), test-color samples are instrumental in determining the CRI of an object. In the interest of international standardization, a specific set of 14 test-color samples has been agreed upon for the purpose of determining the CRI. These 14 test-color samples are a subset of a larger collection of the Munsell test-color samples.

As aforementioned, the CRI is an average for a set of eight test-color samples shown in Figure 22. 

𝛥(𝜆)

Eq.( 5)

𝑌 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆)𝛽𝑖 (𝜆)𝑦 ̅(𝜆) 780 380
𝛥(𝜆) Eq.( 6)

𝑍 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆)𝛽𝑖 (𝜆)𝑧̅ (𝜆) 780 380

𝛥(𝜆)

Eq.( 7)
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Chromaticity coordinates: the CIE 1931 Chromaticity diagram

Inspection of Eqs. (2-7) suggests that the unit of the tristimulus values is "watt." However, the tristimulus values are usually given as dimensionless quantities. The prefactor "watt -1 " in front of the integral can be included to make the tristimulus values dimensionless. If only ratios of tristimulus values are employed, as below, the prefactors and units cancel and thus become irrelevant. The Y tristimulus value represents the evaluation of the luminance of the color; this provides a basis for a correlation with a perceptual attribute of brightness. [START_REF] Hunt | Measuring Colour[END_REF] As the Y value correlates approximately with brightness, the X and Z values do not correlate with any perceptual attribute. Important color attributes are related to the relative magnitudes of the tristimulus values;

these relative magnitudes are known as the chromaticity coordinates and are computed as follows:

𝑥 = 𝑋 𝑋+𝑌+𝑍
Eq.( 8)

𝑦 = 𝑌 𝑋+𝑌+𝑍
Eq.( 9)

𝑧 = 𝑍 𝑋+𝑌+𝑍
Eq.( 10)

However, only x and y of these coordinates are needed to describe the color and are represented in a two-dimensional map, the 1931 CIE chromaticity diagram (Figure 23). [START_REF]International Commission on Illumination[END_REF] Chapter 2| p.54

Uniform chromaticity coordinates: CIELAB and CIELUV color spaces

David MacAdam showed in 1943 that the chromaticity difference, which corresponds to a just noticeable color change, is not homogenous in different areas of the x,y chromaticity diagram. [136] These areas are known as the MacAdam ellipses. However, in the chromaticity diagram, it is very desirable for the color difference to be proportional to the geometric difference. [START_REF] Schubert | Light-Emitting Diodes[END_REF] This has motivated the CIE to introduce the uniform (u,v) chromaticity coordinates in 1960 and (u',v') in 1976, which form the uniform chromaticity diagram as represented in Figure 24. [137] The new uniform chromaticity coordinates are calculated from the tristimulus values according to:

𝑢 = 4𝑋 𝑋+15𝑌+3𝑍
Eq.( 11)

𝑣 = 6𝑋 𝑋+15𝑌+3𝑍
Eq.( 12)

𝑢′ = 4𝑋 𝑋+15𝑌+3𝑍
Eq.( 13)

𝑣′ = 9𝑋 𝑋+15𝑌+3𝑍
Eq.( 14) The CIE made a major advance in 1976 with the introduction of the CIELAB system of color specification. In this new system, the non-linear conversion of the XYZ values provides a partial solution to both color appearance and color difference problematics. The transformation from tristimulus values to L*a*b* coordinates is given by the following equations:

L*= 116 (Y/Yn) 1/3 -16
Eq.( 15)

a*= 500[(X/Xn) 1/3 -(Y/Yn) 1/3 ] Eq.(16) b*= 200[(Y/Yn) 1/3 -(Z/Zn) 1/3 ]
Eq.( 17)

Where Xn, Yn, and Zn are the tristimulus values of a specified white achromatic stimulus. CIELAB provides a three-dimensional color space where the a*-b* axes form one plane to which the L * axis is orthogonal (Figure 25). The CIELAB transform was intended to be used for surface colors and includes several interesting features. First, the inclusion of the difference signals crudely models the processes that are believed to occur in the human visual system. Thus, whereas the retina initially captures responses derived from the cone spectral sensitivities, these retinal responses are combined at an early stage of visual processing to provide first a luminance signal and secondly two opponent signals that can be described as being yellow-blue and red-green. Similarly, CIELAB represents color stimuli as an achromatic signal (L*) and two chromatic channels representing yellow-blue (b*) and red-green (a*). The normalization by the specified white achieves a color space that makes better predictions Chapter 2| p.56 of color appearance than the tristimulus space from which it is derived. Thus, whereas a perfectly white surface's x and y chromaticity vary with the illuminant, the CIELAB coordinates remain constant at L* = 100, and a* = b* = 0. CIELAB also allows the representation of a color stimulus by dimensions of lightness, chroma, and hue. It is reasonable to describe CIELAB as a color appearance space. In contrast, this label is not appropriate for a tristimulus space, which is strictly for color specifications. Lastly, the non-linear transform of tristimulus values in the CIELAB equations allows the Euclidean distance between two points in the new space to predict better the visual color difference. Consequently, the color difference metric known as ΔE*ab has been used effectively to quantify the color difference in a wide range of industries, such as projectors and digital displays. Costumers approach products with ΔE*ab closer to zero where the observed image has a non-perceptible color difference than the original scene. It is computed by the following formula:

ΔE*ab = [(ΔL*)² + (Δa*)² + (Δb*)²] 1/2
Eq.( 18)

where ΔL*, for example, denotes the difference in L* between the tested sample and the reference.

Although CIELAB is more perceptually uniform than XYZ space, it is still a long way from being completely uniform. Industrial practitioners of color science would appreciate applying a single tolerance on the value of ΔE*ab that defines the perceptibility or acceptability boundaries throughout color space; however, this is not yet possible.

The color appearance of each test color sample under the test sample is not identical with the color appearance under a reference illuminant. However, chromatic adaptation is the well-known ability of humans to adapt to certain illumination environments without substantial loss of color perception. For this reason, a procedure developed by CIE (1995) considers the adaptive color shift that follows from the human ability of chromatic adaptation and accounts for the adaptive color shift. [138] In this case, the (u,v) coordinates are transformed into new (c,d) coordinates using the equations below:

𝑐 𝑛 = 4-𝑢 𝑛 -10𝑣 𝑛 𝑣 𝑛
Eq.( 19)

Chapter 2| p.57 𝑑 𝑛 = 1.708𝑣 𝑛 +0.404-1.481𝑢 𝑛 𝑣 𝑛
Eq.( 20)

Where n= t for the test sample, t,i for the test sample with the contribution of test color samples reflectivity, and r for the reference illuminant.

The trichromatic coordinates correction after distortion by chromatic adaptation is provided by the adaptive color-shifted chromaticity coordinates (u*, v*) as follows:

𝑢 𝑡,𝑖 * = Eq.( 22)

where u*t= ur and v*t= vr.

As the brightness (for light source) and lightness (for an object) are factors that define the color perceived, the CIE introduced the lightness/brightness coordinate W*, and thus the resulting colorimetric data are transformed into the 1964 CIE uniform color space chromaticity coordinates as follows:

𝑊 * 𝑡,𝑖 = 25 ( 100𝑌 𝑡,𝑖 𝑌 𝑡 ) 1 3 -17
Eq.( 23)

𝑈 𝑡,𝑖 * = 13𝑊 𝑡,𝑖 * (𝑢 𝑡,𝑖 ′ -0.1978) Eq.( 24)

𝑉 𝑡,𝑖 * = 13𝑊 𝑡,𝑖 * (𝑣 𝑡,𝑖 ′ -0.3122) Eq.( 25)

However, in 1976 the CIE introduced the L*u*v* or the CIELUV color space, where L* was used instead of W*. L* function in the CIELUV space is the same as that of the CIELAB space.

Resultant color change (ΔEi)

Since the color stimulus can be represented as a point in a color space, the color difference (ΔEi) between two stimuli is calculated as the Euclidean distance between these two points. The change in chromaticity coordinates of the transmitted light from the reference source attributes to the color Chapter 2| p.58 shift of the illumination source. When the latter is combined with the adaptive color shift, we quantify the resultant color shift by evaluating the color difference ΔEi (CIE 1964 uniform color space): [START_REF]Colorimetry: fundamentals and applications[END_REF] 𝛥Ei = √(𝑈 * 𝑡,𝑖 -𝑈 * 𝑟,𝑖 )² + (𝑉 * 𝑡,𝑖 -𝑉 * 𝑟,𝑖 )² + (𝑊 * 𝑡,𝑖 -𝑊 * 𝑟,𝑖 )² Eq.( 26)

For the final step in calculating CRI, the special color rendering index Ri for each test color sample is calculated:

𝑅𝑖 = 100 -4.6𝛥𝐸𝑖
Eq.( 27)

And then, the arithmetical mean of the basic eight special color indices is computed:

𝐶𝑅𝐼 = 1 8 ∑ 𝑅𝑖 8 𝑖=1
Eq.( 28)

The color rendering index is a number less than or equal to 100. It is neither a percentage nor a fraction. Looking at Eq (27), we find the scaling factor 4.6 that was chosen such that CRI is 51 for a specified CIE Illuminant (warm white fluorescent lamp), and the reference illuminant has a score of 100. One important thing to bear in mind is that the difference from 100 is the value that matters.

In other words, a CRI of 60 means that there is four times the average color shift than in the case of 90 CRI value. For PV systems developed for solar windows application, a CRI > 90 is targeted to achieve a similar visual aspect as the conventional double-glazing windows.

Color evaluation for opaque solar cells:

One of the objectives of my thesis work is to highlight the importance of aesthetics in the adoption procedure of PV systems in different applications. As such, applying aesthetic evaluation on opaque solar cells is briefly discussed herein. The goal is to emphasize that we can step forward towards energy-efficient buildings once both opaque and transparent PV systems are integrated.

The theoretical power conversion efficiency limits of ideal colored opaque photovoltaics have been evaluated to be > 29%. This corresponds to a relative performance loss of less than 14% compared to an ideal black solar cell. As color can improve the visual aesthetics of PV, modifications on opaque solar cells with anti-reflective coatings, [START_REF] Li | [END_REF] Bragg reflectors [141] , or Chapter 2| p.59 luminescent materials [START_REF] Klampaftis | IEEE 40th Photovoltaic Specialist Conference (PVSC)[END_REF] have been elaborated to either reflect or emit a targeted color. For opaque colored solar cells, the spectral reflectance ρ(λ) of the device is considered as a substituent of the spectral transmittance. Hence, the relative luminosity of the device is, in this case, the average visible reflectance (AVR), which is an equivalent property to the average visible transmittance (AVT) used in the context of semi-transparent/transparent solar cells. [START_REF] Halme | [END_REF] As the final color of these opaque solar cells can be fully controlled in accordance with the customer's wish, the tristimulus values of the targeted color are known, and thus, the relative error between the target color and the color produced (Cerror) is determined by:

𝐶 error = |∆𝑋|+|∆𝑌|+|∆𝑍| 𝑋+𝑌+𝑍
Eq.( 29)

where ΔX, ΔY, and ΔZ are the differences between the produced and the target XYZ coordinates.

CIE standard illuminants

As it is not possible to measure a color directly, it is always based on a comparison. [START_REF] Hunt | Measuring Colour[END_REF] Moreover, the colors may appear differently depending on the type of illumination. Therefore, for the sake of comparison, a reference system is necessary. Indeed, in Eqs (2-4), it is established that an incident light irradiation is needed to describe the colorimetric characteristics of a reflecting or transmitting material. In this case, the relative SPD (P(λ)) is part of the relative color stimulus function. The radiation P(λ) is modified by the reflectance or transmittance of the material. Thus, to be able to reproduce the colorimetric measurements, the SPD of the irradiating source has to be reproduced too. With this aim, the CIE has standardized a few SPDs and recommends their use for the colorimetric characterization of materials whenever possible. Only the relative SPD is needed for calculations, and such theoretical sources are called "illuminants."

For light sources, it is useful to refer to the temperature of the blackbody (expressed in Kelvin), for which the radiation most closely resembles that of the light source. As shown in Figure 26, it is represented the color temperature of a black body, graphed as a line through the CIE x,y chromaticity diagram. This line is known as the Planckian Locus. It is the path (locus) that the color of an incandescent black body would take in a particular chromaticity space as the black Chapter 2| p.60 body temperature changes. A deep red is obtained at low temperatures, orange, yellowish-white, white, and bluish-white at very high temperatures such as >6000 K. When the color of our reference white illuminant does not fall on the Planckian locus, the correlated color temperature (CCT) in Kelvin is used. As the spectrum of transmitted daylight changes passing through a transparent colored or colorless medium, the perceived color and brightness of the illuminated PV cell differ. Here, the usage of the CCT metric can be helpful to simplify the communication of the color: a low CCT reveals a yellowish or reddish-white while a high CCT appears bluish-white (Figure 27). At lower temperatures, the light is considered warm and reveals a reddish-white, while at higher temperatures, it is attributed as cool light with a bluish appearance.

The CCT value is calculated from McCamy's equation reported below (Eq 30). [76] CCT= 449n 3 + 3525n 2 + 6823.3n + 5520. 33 Eq.( 30)
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Where n = (𝒙-𝟎.𝟑𝟑𝟐𝟎) (𝟎.𝟏𝟖𝟓𝟖-𝒚)

; x and y are the chromaticity coordinates in the CIE 1931 color space.

For PV aesthetic evaluation, we will use the value of CCT of the transmitted light through our transparent devices. This can help define if the white light transmitted is falling in the visual comfort regime and if the light is more bluish-or reddish-white.

If we consider daylight as an illuminant reference for solar cells used in BIPV application, its irradiance varies substantially depending on the geographic position, time, and weather. However, the CIE accepted a recommendation by Judd and co-workers [144] to describe phases of daylight. [START_REF] Cie | Recommendations on standard illuminants for colorimetry[END_REF] These authors found that the chromaticities of different phases of daylight fall on a curve more or less parallel to the Planckian locus on the chromaticity diagram. As such, the CIE standardized two main illuminants: A and D65. The CIE draft standard stated: "CIE standard illuminant A is intended to represent a typical domestic tungsten-filament lighting. Its relative spectral power distribution is that of a Planckian radiator at a temperature of approximately 2856 K. CIE standard illuminant A should be used in all applications of colorimetry involving the use of incandescent lighting, unless there are specific reasons for using a different illuminant." [146] The tristimulus 

Relationship between color and chromaticity

Having a complete description of chromaticity allows us to revisit the definition of the color of a PV device by the CIE. For the aim of color evaluation, we always refer to the chromaticity coordinates of the tested PV cell compared to the chromaticity coordinates of the A.M.1.5G reference, known as the white point. The fundamental definition of a white point in a color space is an achromatic reference stimulus producing the perception of white. For color evaluation of light sources, the white point is usually set at x= y= 1/3, known as the equal-energy point, whereas it is usually set at the illuminant point for object colors, and thus for the case of PV systems. In my work, when positioning the calculated chromaticity coordinates of our transparent DSSC, it is desirable to be as close as possible to the coordinates of the white point in order to report color neutrality. The D65 illuminant is the dominant standard to represent daylight, and its coordinates are considered for the white point. However, for PV applications, it seems evident that as the A.M 1.5G is the standard spectrum used in photovoltaics evaluation, its chromaticity coordinates can be considered the white point for this system. Here, it is needed to emphasize that the way the CRI calculations and color functions are defined makes the energy flux for AM 1.5G utilized (and not the photon flux) given how human vision works. The (x,y,) coordinates of AM 1.5G is (0.3322, 0.3439) with a CCT value of 5513 K. Nonetheless, it is still valid to use the D65 standard illuminant as a reference for color evaluation for PV systems, especially considering BIPV application as it will provide the color perception of the PV window from outside observers. However, to evaluate the colors of PV in different lighting conditions, like for indoor application, different standard illuminants should be taken into account, and thus, a different white point needs to be considered.

The importance of the white point is not only limited to the positioning of the ideal white color under a specific illumination, as its chromaticity coordinates are used for the calculation of other important metrics such as the dominant wavelength and the color purity. Thus, instead of using chromaticity coordinates, the dominant wavelength can be combined with the color purity to define the color. Since the dominant wavelength expresses hue and the color purity expresses saturation, this specification method is helpful to describe the appearance of a color stimulus.

The dominant wavelength is defined by the wavelength located in the perimeter of the chromaticity diagram that is the closest to the device's color. It relates the final coloration of the PV device to Chapter 2| p.63 a monochromatic color. The dominant wavelength is an equivalent metric to the hue. It is determined by drawing a straight line from the equal-energy point (xee= yee= 1/3) to the chromaticity coordinates of the test sample and then by extending this straight line to the perimeter of the chromaticity diagram. [START_REF] Schubert | Light-emitting diodes[END_REF] Color purity (Pc), sometimes also called color saturation, is the distance in the chromaticity diagram between the chromaticity coordinates of the test sample and the coordinates of the equalenergy point divided by the distance between the equal-energy point and the dominant wavelength point.

Color purity (Pc)=

√(𝒙-𝒙 𝒆𝒆 ) 𝟐 +(𝒚-𝒚 𝒆𝒆 ) 𝟐 √(𝒙 𝒅 -𝒙 𝒆𝒆 ) 𝟐 +(𝒚 𝒅 -𝒚 𝒆𝒆 ) 𝟐
Eq.( 31)

Where (𝑥 𝑑 , 𝑦 𝑑 ), (𝑥 𝑒𝑒 , 𝑦 𝑒𝑒 ) and (𝑥, 𝑦) are the chromaticity coordinates of the dominant wavelength, equal-energy point, and the tested sample, respectively. If Pc is nearly unity, the point is near the spectrum locus (the purple boundary) and will tend to represent a highly saturated color. If Pc is near zero, the point is near the reference white and will tend to represent a very pale color. [START_REF] Hunt | Measuring Colour[END_REF] For a more precise evaluation, and as the x,y diagram is non-uniform in its color distribution, the CIE 1976 uniform diagram provides other measures to correlate more uniformly with hue and saturation. These measures are the hue angle (huv) and u,v saturation (suv), as given by the following equations:

CIE 1976 u,v hue-angle, huv : huv = arctan[(v'-v'r)/ (u'-u'r)]
Eq.( 32)

CIE 1976 u,v saturation, suv : suv = 13[(u'-u'r)²+ (v'-v'r)²] 1/2
Eq.( 33)

The definition of a chromaticity diagram requires that any mixture of two colors falls on the straight line joining those two colors. In this system, and as L*, a*, and b* are calculated based on ratios of tristimulus values incorporated as cube-roots (reported in Eq.15-17), there can be no chromaticity diagram associated with the CIELAB space, and therefore no correlate of saturation can be given. [START_REF] Hunt | Measuring Colour[END_REF] Thus, the hue-angle hab and chroma Cab has to be evaluated using these two equations: Eq.( 35)
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Conclusions

Even though the science of color is significantly more complex than the description given in this chapter, the aim of the latter is to assess how the color of a solar panel can be expressed. By defining the targeted integration of the transparent solar panel, its aesthetic can be defined.

Therefore, transparency, as expressed by the AVT, reflectivity as expressed by the AVR, and color as described by the CRI, CCT, and chromaticity coordinates can be evaluated and compared across the different TPV technologies.

For a good level of transparency, a TPV device should achieve at least an AVT value of 60%.

However, the description of TPV aesthetic is not only restricted to the AVT quantification, but it also needs to reach CRI values superior to 90, a threshold value to reach color neutrality.

Out of all the earlier evaluations, based on this chapter and following our experience in TPV, we recommend a standardization in the approach to quantify the level of transparency and color of TPV devices. As for the device performance or accelerating stability test protocols, adopting In the first section, we will briefly describe the synthetic procedure yielding to VG20-Cx, with x being 2, 8, or 16 carbons constituting the lateral alkyl chain. Then, a detailed spectroscopic characterization of this dye in solution and computational characterization is given, followed by a photodynamic study using time-correlated single-photon counting (TCSPC) and fs-transient absorption spectroscopy (fs-TAS).

The second section focuses on device optimization to reach the highest level of performance for this type of dyes. The self-assembled monolayer (SAM) optimization on the surface of TiO2, the influence of electrolyte composition, and the effect of different sensitization conditions are discussed based on UV-visible absorption spectroscopy and intensity-modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS). The levels of transparency and coloration of VG20-based NIR-DSSC are evaluated. Finally, this chapter ends with a discussion on the limiting factors governing the device performance, on the basis of ultrafast spectroscopies, in particular using picosecond or femtosecond pump-optical probe transient absorption spectroscopy.

Symmetrical VG20 cyanine dye: From a proof of concept to an efficient and transparent NIR-DSSC Chapter 3| p.67

Synthesis and characterization in solution of VG20-Cx dyes

Based on existing literature about NIR dyes covered in chapter 1, our first attempt relies on the synthesis of a series of symmetrical heptamethine dyes, coded VG20-Cx, with x value varying from 2 to 16 carbons on the alkyl chain (Scheme 1). The VG20-Cx series of dyes were developed in collaboration between LRCS and prof. Claudia Barolo at the University of Torino within the frame of the Ph.D. thesis of Vittoria Novelli (2014-2017).

In this dye, the trans configuration of the polymethine bridge is stabilized by a classical cyclohexene moiety, substituted by a chloride atom. The two 1H-benzo[e]indole end units, differently positioned from the closely-related dye reported by Arakawa et al., are decorated with a carboxylic acid anchoring group in position 7. [122] The central chloride atom has an electronwithdrawing property, which contributes to pulling electrons from the polymethine chain, causing the dye's absorbance to shift in the NIR region. Besides facilitating synthesis up-scalability, the rationale behind the synthesis of symmetrical dye, in which the anchoring groups are directly conjugated on the lateral heteroaromatic groups, is also to further red-shift the absorption maxima as previously demonstrated on symmetrical squaraines. [116,118,[START_REF] Novelli | [END_REF] This molecular design, inspired by Arakawa's work, affords a better overlap between the Lowest Unoccupied Molecular Orbital (LUMO) of the dye and the conduction band (CB) of TiO2 to favor charge injection.

The synthetic procedure to obtain the symmetrical heptamethine cyanine dyes VG20-Cx is reported in Scheme 1. The synthesis and purification were carried out in collaboration with Prof.

Claudia Barolo (Torino University). Briefly, it involves the condensation of the quaternary heterocyclic salts (2), bearing an activated methyl group, with the Vilsmeier-Haack reagent (3).

The 1,1,2-trimethyl-1H-benzo[e]indole-7-carboxylic acid (1) was readily obtained exploiting the Fischer indole synthesis, as previously described for symmetrical squaraine dyes. [116] The subsequent quaternization of the benzoindolenine ring, performed under microwave conditions, [149] led to increasing the methyl group acidity, which enabled the cyanine bridge 

Optical and electrochemical properties of VG20-C16 in solution

VG20-Cx dye in solution exhibits a sharp and intense absorption band in the NIR region, with a maximum at λmax = 834 nm (ε = 154000 L.mol -1 .cm -1 ) corresponding to the S0-S1 electronic transition of VG20-C16 (Figure 28). The narrow absorption band is a characteristic of symmetrical cyanine dyes as the difference in the carbon-carbon equilibrium bond lengths are small. [150] The UV-vis absorption spectra of VG20-Cx with different alkyl chain lengths show a very similar fingerprint, thus indicating that the alkyl chain has no effect on the dye's electronic structure. The shoulder at 765 nm is principally related to vibronic states in the molecule, as suggested by the TD-DFT calculations presented below. However, as it is also discussed in the following, this shoulder can also be influenced by the presence of H-aggregates in the self-assembled monolayer.

Higher energies singlet transitions (S0-Sn) lead to a residual broad and weak absorbance in the blue region at ca. 410 nm. Such absorption characteristic makes this dye well-suited for light transparency purposes by bringing the dye's absorbance very precisely outside the human's eye photopic response (Figure 28). The fluorescence of VG20-C16 exhibits a sharp emission band at λmax = 850 nm leading to a narrow Stokes shift of 225 cm -1 . The vertical excitation energy is E0-0 = 1.47 eV, a value remarkably close to the optical bandgap (Eg = 1.49 eV). This means that the dye in solution undergoes negligible structural rearrangements in the excited states, thus limiting intra-molecular energy losses through rearrangement. It has a high photoluminescence quantum yield (PLQY) of 47 %, which makes this class of cyanine dyes attractive as a NIR fluorescent label. [103,151] Chapter 3| p.69 When VG20-C16 dye is dissolved in a solvent of different polarity, a solvatochromic effect is observed (Figure 29). A blue shift is observed in a high polar solvent such as acetonitrile (ACN), and inversely a red-shift is experienced in a lower polar solvent such as dichloromethane (DCM).

This indicates that the polar ground state of the solute is stabilized by a polar solvent. In addition, one can also observe that the solvent modifies the relative height of the shoulder. This can be attributed to the dipole-to-cyanine transition induced by solvent polarity. [152,153] Upon a preliminary optimization step, a mixture of DMSO/ethanol with a 1/9 ratio by volume was chosen as a dipping solution. This choice of the solvent mixture has an influence on the device stability and power conversion efficiency, as it will be presented later in the chapter.

The HOMO and LUMO energy positions were determined by cyclic voltammetry (Figure 30). The two quasi-reversible peaks at +0.24 V (vs. Fc + /Fc) and +0.57 V (vs. Fc + /Fc) are attributed to the HOMO and HOMO+1 energy levels. The LUMO level is situated at -1.06 V (vs. Fc + /Fc). These values lead to the HOMO and HOMO+1 at +0.87 V and +1.20 V (vs. NHE), respectively. The LUMO level at -0.43 V (vs. NHE), considering the Fc + /Fc redox potential at +0.63 V vs. NHE. [154] The dye regeneration is thus thermodynamically favorable in association with I3 -/I -redox couple (+0.35 V vs. NHE) and by extension to most of the redox mediators developed so far for conventional DSSCs. [155,156] However, we can postulate more difficulties for the electron injection step into the conduction band of TiO2 (ECB ≈ -0.45 V vs. NHE) [157] owing to a clear lack of a sufficient energetic driving force. 

Computational analysis of VG20-Cx dye by TD-DFT

This part of the work has been carried out in collaboration with Prof. Raffaele Borrelli at the University of Torino (IT). Theoretical-computational analyses have been performed employing TD-DFT calculations. Structural energy calculations point out that this cyanine dye should coexist in two stable conformational isomers (cis-and trans-) given by the double bonds of the polymethine chain (Figure 31). The trans-conformation is 1.3 kcal.mol -1 higher in energy than the cis-isomer. Hence, the latter conformer represents around 90% of the entire population in solution at room temperature. The allowed electronic transitions have been computed in vacuum for the cis-form using the second-order algebraic-diagrammatic-construction ADC (2) level of theory. It shows a strong absorption at 832 nm corresponding to the first excited singlet state S0→S1 in agreement with the experimental data. Chapter 3| p.72

The S1 singlet state is assigned to a π-π* HOMO to LUMO transition. The calculated molecular frontier orbitals involve almost exclusively the polymethine chain (Figure 32). The theoretical analysis does not show any additional electronic transition at around 750 nm, in agreement with the above assignment of a vibronic-induced transition. Computational details and further spectral assignments are provided in Table 1. 

Photodynamic characterization of VG20-Cx in DMSO/ethanol solvent mixture

The photodynamic study of VG20-Cx in solution has been carried out combining picosecond Time-Correlated Single Photon Counting (TCSPC) (Figure 33) and femtosecond time-resolved Transient Absorption Spectroscopy (TAS) (Figure 34) to assess the kinetics of both the radiative and the non-radiative deactivation processes.

The photoluminescence (PL) decay of the dye in DMSO/Ethanol solvent mixture shows two subnanosecond components: τ1 = 391 ps (f1 = 93 %) and τ2 = 925 ps (f2 = 7 %). These two lifetimes are attributed to the coexistence between the cis-and trans-configuration. The fraction of the two components is in good agreement with the population ratio deduced by TD-DFT calculations. Such Chapter 3| p.73 values of lifetime are significantly faster than the benchmark ruthenium or organic dyes used in conventional DSSCs, which lie between 2 to 100 ns. [START_REF] Novelli | [END_REF][158][159][160] This short-life of the excited states is due to the highly bounded Frenkel excitons in the cyanine backbone leading to a comparatively poorer electron/hole delocalization, as corroborated by the calculated molecular frontier orbitals.

The alkyl-side chain length (Figure 33 Interestingly, similar kinetics were measured by fs-TAS experiments. These results were obtained in collaboration with Ilias Nikolinakos (Ph.D. student) and Prof. Stefan Haacke at the University of Strasbourg (IPCMS). Upon excitation with a 50 fs-pulse at 810 nm, VG20-C16 exhibits pronounced excited state signatures, such as excited-state absorption (ESA) below 670 nm and beyond 1300 nm (positive signal), and stimulated emission (SE) between 850-1100 nm, partially overlapping with ground state bleach (GSB) in the 700-900 nm range (Figure 34). Kinetic traces are taken in the maximum of ESA (at 585 nm), SE and GSB (at 760, 840, and 950 nm) decay in parallel and individual wavelength fits give decay times in the range of 320 to 410 ps (Table 2).

An additional rise component in the range of 1-4 ps is also observed, most likely due to intramolecular relaxation and solvation dynamics within the DMSO/ethanol mixture. 

Rational optimization of the VG20-based device performance

One important starting point for device optimization is the configuration and packing of the dye molecules chemisorbed upon TiO2 surface. The dye molecules can be oriented in the self-assemble monolayer (SAM) in different ways. The dye-to-dye separation can also vary in a substantial way, presumably due to steric hindrance and electronic factors. [161] The extreme case is the molecular aggregation, either prior to chemisorption or after leading to supramolecular assemblies. [162,163] In general, the optical properties of dye aggregates can be described by Kasha's molecular exciton theory. [164] This theory states that when two monomeric dyes are interacting to form a dispersive evidence that the addition of CDCA as a deaggregating agent in the dyeing solution remains compulsory for the device performance to avoid also the molecular aggregation of the dye with the self-assembled monolayer. This is an important aspect to consider since supramolecular aggregation contributes to quench the excited states of the molecule, therefore penalizing the electron injection yield. [START_REF] Zhang | [END_REF]165] One way to assess the level of aggregation in the self-assembled monolayer is to analyze the UVvisible absorption spectrum of the chemisorbed dye. Figure 35.a shows the total transmission spectra of 3 µm thick TiO2 films sensitized with VG20-C16 dye as a function of CDCA molar ratio into the dye solution. From an observational point of view, increasing the CDCA amount into the dye solution leads to a decrease in the film's coloration from green to a more color-neutral feature (Figure 35 inset picture). This is ascribed to the reduction of the dye loading, in good consistency with the diminution of the main absorption band at 850 nm. Based on the normalized absorption spectra presented in Figure 35.b, we can observe a clear evolution of the 765 nm-shoulder with respect to the main band depending on the concentration of CDCA in the dye solution. More specifically, it is observed that the contribution of the shoulder decreases with CDCA concentration. Knowing that this shoulder is not only composed of vibronic contributions, but it is also contributed by a population H-aggregation, this result raises multiple pieces of evidence that strong H-type aggregates are formed within the self-assembled monolayer. Breaking such a type Chapter 3| p.76 of lateral aggregation is not only a key to improving the device performance, but it also constitutes an important stake for the final aesthetic. The effect of CDCA concentration, therefore of molecular aggregation, on device performance has been evaluated. The evolution of the (J-V) curve of VG20-C16 -based devices as a function of CDCA concentration from 10 mmol/L to 50 mmol/L is reported in Figure 36. In this experiment, the photoanode constitutes of a 6 µm mesoporous TiO2 sheltered by a 5 µm scattering layer. By increasing the deaggregating agent concentration, the short-circuit current density is increasing from 8.3 mA/cm² to 12.1 mA/cm² despite the lower dye loading. The open-circuit voltage also increases from 321 mV to 347 mV, whereas the fill factor goes from 0.64 to 0.60. As a result, it is found from this simple study that the best power conversion efficiency (PCE) obtained is 2.5 % using a highly diluted dye solution (0.1 mmol/L) including 50 mmol/L of CDCA (1:500 ratio). We expect from such a high level of CDCA, that this latter is not playing the role of deaggregating Chapter 3| p.77 agent but is also the result of its co-adsorption with the dye, thus hampering intermolecular electronic transitions. [166] Figure 36. Evolution of (J-V) curve measured under A.M. 1.5G conditions of VG20-C16 based DSSC as a function of CDCA concentration in the dye solution.

To achieve this performance, the electrolyte composition needed to be carefully optimized to overcome the lack of injection driving force. One key to achieving efficient injection is to remove the Brönsted base 4-tert-butylpiridine (4-tBP) and the additive thiocyanate of guanidinium from the electrolyte composition, which are causing upshift of the TiO2 band edges [167][168][169][170] while incorporating a sufficiently high concentration of lithium cation. This latter is known for its specific adsorption upon the TiO2 surface. As a result, it is a potential determining cation that influences the extent of band bending on the surface of TiO2. The flat band potential equilibrates with lithium cation in the electrolyte and quantitatively follows Nernst law, i.e., downshift in energy of 59 mV per decade of lithium concentration. [START_REF] Novelli | [END_REF]171,172] Therefore, the introduction of lithium cation into the electrolyte is a typical method to optimize the electron injection. This often translates into a gain of photocurrent, however frequently compensated by a loss of photovoltage due to the Fermi level downshift.

In my work, I studied the effect of Li + concentration on the device performance using LiTFSI salt.

Four different concentrations between 0.1 to 1 mol/L were investigated (Figure 37). The results presented in Figure 37 and Table 3, show that in the case of VG20-C16 dye, a concentration of 0.1 mol/L of Li + in the electrolyte is required to reach a short-circuit current density (Jsc) of 5.5 Chapter 3| p.78 mA/cm 2 . Increasing LiTFSI concentration to 0.25, 0.5, and 1 mol/L leads to an increase in the Jsc to 8.4, 9.6, and 12.1 mA/cm², respectively. This enhancement is at the expense of the cell photovoltage, which decreases by a value close to the 59 mV once the LiTFSI concentration is increased from 0.1 to 1 mol/L. This drop is thermodynamically expected from the Nernst equation (from 395 mV to 347 mV). Nevertheless, the noticeable increase in the current is much more significant than the loss of photovoltage (-14%), resulting in the PCE increase from 1.6 to 2.5%. The Chapter 3| p.79 S0-Sn transitions are only weakly absorbing, they contribute to a broad conversion between 20 to 30 % of the action spectrum, thus suggesting that the conversion of high energy photons is herein an efficient process.

Another approach to hamper lateral aggregations lies in the introduction of longer lateral alkyl chains in the dye design. [173] . Whereas the proof of concept described in the preliminary work was achieved using a C8 chain, we herein investigated different lengths, namely C2, C8, and C16. This modification does not influence the energy positions of both HOMO and LUMO frontier orbitals, as it is also suggested by the DFT calculations. This inactive part of the dye, with respect to its electronic properties, has a striking influence on the device performance, i.e., 1.5 % PCE is obtained for VG20-C2, 1.9 % PCE for VG20-C8, and 2.5 % PCE for VG20-C16 (Figure 38.a and Table 4). This improvement stems mainly from the photocurrent produced, increasing from 7.1 mA/cm 2 to 12.0 mA/cm 2 and secondly enhancing the cell photovoltage from 328 mV to 343 mV.

To grasp more insights on the origin of this improvement, Intensity Modulated Photovoltage / Photocurrent Spectroscopy (IMVS/PS) analyses were carried out as small perturbation techniques in order to assess the non-geminate recombination and electron transport dynamics (Figure 38 In addition to the CDCA and the alkyl chain length parameters, the sensitization temperature can modify the dye packing, as it has been previously demonstrated on ruthenium-based complexes. [174] Three different temperatures have been herein investigated: room temperature 5). To our best knowledge, the stability of polymethine-based sensitizers in DSSCs has never been demonstrated so far in the literature. This is one important drawback of this family of dyes. Besides the solvatochromic effect, alternative dyeing solvents were explored for both performance and for other parameters, the solvent used for sensitization plays an important role in the device's performance. This is the result of possible solvent-induced molecular aggregation and its possible effect on the dye geometry composing the self-assembled monolayer. We compared the two best solvents in terms of shelf-life stability. More surprisingly, we found that the device stability is much affected (Figure 41). Indeed, although initially less performing, the DMSO/DCM solvent mixture affords to improve the shelf-life stability of the devices substantially, reaching a PCE retention of over 92 % for 480 hours aging. For comparison, under the same conditions, the PCE of the devices based on DMSO/Ethanol dropped by 80 % after 480 hours as a result of an important loss of short-circuit current density. 

Aesthetic evaluation of VG20-C16-based DSSC with triiodide/iodide electrolyte.

We have scrutinized different parameters to decipher the main limitations of the final transparency to optimize the visible light transmittance and the color rendering properties; in particular sensitization conditions, photo-anode thickness, electrolyte composition, and anti-reflective coatings. One critical aspect for a final good aesthetic is to avoid molecular H-aggregation. It gives rise to a broadening of the main S0-S1 transition and its shoulder to the visible range, thus strengthening the electrode coloration and reducing the AVT value.

As aforementioned, the molecular H-aggregation affects the device transparency and coloration noticeably. We quantified the effect of supramolecular aggregation on aesthetics, i.e., AVT and coloration (Figure 42). For this set of experiments, the NIR-DSSC devices were composed of an Chapter 3| p.85 electrode thickness of 2 µm and including an inert electrolyte at this stage (i.e., no redox couple).

Without CDCA in the dye solution, the transmission curve shows a minimum of 2.5 % at 848 nm leading to an average visible transmittance of 61 %.

However, introducing and increasing the concentration of CDCA in solution affects noticeably the final device's aesthetic. The total AVT is reaching 64 % and 71 % upon adding 10 mmol/l and 50 mmol/L of CDCA, respectively. The observed increase of transmittance at the dye absorption maximum is the result of two factors: the dye loading decreases due to the competitive process of CDCA chemisorption on the surface of the TiO2 nanocrystals and the decrease of aggregated dye population. Unfortunately, direct evaluation of the dye loading on the electrode by the common desorption method was, in our case, not feasible due to the dye decomposition in alkaline media.

In addition to transparency, the dye aggregation also influences the device tint (Figure 42.b).

Indeed, the calculated CIE 1931 x,y coordinates show a noticeable shift toward the white point corresponding to the center of the chromaticity diagram upon increasing the CDCA concentration.

As a result, the CRI value is increasing from 90 to 96. These essential first results, summarized in Table 7, stress the importance of mitigating the H-type aggregation of dyes in order to achieve high AVT value and more neutral coloration. Moreover, we determined the dominant wavelength for the 50 mmol/L CDCA condition to be 571 nm with a color saturation of 16%. Figure 43 shows the total transmittance spectrum of full NIR-DSSC device with VG20-C16 dye, including the optimized composition based on I3 -/I -redox mediator and optimized CDCA concentration (50 mmol/L). It is compared to the transmittance of a reference cell, including a nonsensitized TiO2 film and the optimized electrolyte to decipher the dye effect on aesthetic. The AVT of this reference device reaches a maximum value of 74 %. This value is reported without subtraction of glass reflections; this latter accounts for 9.5 to 11 % depending on the incident wavelength. [175] Taking advantage of the VG20-C16 design, we achieved to match remarkably the higher cell transmittance region to the maximum of the human eye's photopic response, thus leading to an entirely transparent DSSC device. The transmission maximum is even slightly better in the presence of dye, which may suggest a better matching of the refractive index in contact with the electrolyte. The electrolyte contribution in the total absorbance is in the UV and the blue region (λ < 500 nm) due to tri-iodide. This region corresponds to an area in which the human cones are much less sensitive. We can observe that the dye aggregation slightly overlaps with the red part tail of the photopic response. Compared to the reference cell (AVT = 74 %), the sensitization of the photoanode decreases the AVT value to 70 % as a result of the supramolecular self-aggregation of the dyes. Comparing our full device, including the full electrolyte (AVT = 70%), to the one discussed above incorporating only acetonitrile solvent (AVT = 71%), we conclude that the introduction of I3 -/I -redox mediator doesn't highly affect the AVT value, but however leads to the yellow coloration as revealed by the picture in Figure 43.

Chapter 3| p.87 In order to minimize the light reflection at the glass/air interfaces, we optimized a procedure to deposit an anti-reflecting coating (ARC) based on a thin layer of SiO2 nanoparticles by spincoating on the surface of the two external sides of the devices. This part of the optimization work has been carried out by Dr. Thomas Alnasser, a post-doctoral fellow in the group. The interest in SiO2 stems from its refractive index of ca. 1.45 in the visible range, thus better matching with air than glass (nglass = 1.52). After optimization of the size of SiO2 nanoparticles and the deposition parameters, the introduction of these ARC layers contributed to significantly enhancing the AVT values to 78 % for the reference EI cell and to 76 % for the full NIR-DSSC devices based on VG20-C16 dye. For comparison with the state-of-the-art, this AVT value lies well beyond the values reported so far in semi-transparent DSSCs. [73][74][75] For a quantitative color perception, we calculated the CIE 1931 x,y chromaticity coordinates, CRI, CCT, the dominant wavelength, and the color purity of this NIR-DSSC device. For the reference cell, we obtained a CRI value of 94.3, with x = 0.3646, y = 0.3877, and CCT value of 4514.0 K.

The sensitization of the TiO2 photo-anode with VG20-C16 has only a minor influence on these aesthetic parameters, i.e., a CRI value of 93.4, with x = 0.3743, y = 0.3970, and CCT value of 4297.5 K. (Figure 44 and Table 8). Both dominant wavelength and color purity are intuitive quantities and can be considered an alternative to the numerical x,y coordinates. [START_REF] Schubert | Light-emitting diodes[END_REF] The dominant wavelength for the reference cell is 573 nm and for VG20-DSSC is 572 nm representing an orangeyellowish color (Figure 44). This is dominated by the color of the electrolyte, and it is in good agreement with the visual aspect of the device, as shown in Figure 43. We calculated a color purity (color saturation) value of 0.26 (26%) for the reference cell, whereas this value increases to 0.31 (31%) for the VG20-C16 based NIR-DSSC. This slight increase in color saturation (+5%) and the 200 K difference in CCT are caused by the additional light absorption by the dye molecules.

Nonetheless, it is hardly noticeable by our eyes. These results confirm that the introduction of the dye does not lead to significant changes in the final aesthetics parameters, and thus the electrolyte is the color determining factor in this case. Moreover, compared with the VG20-C16-DSSC with acetonitrile instead of the full electrolyte, the color saturation is doubled (from 16% to 31%), emphasizing the role of the electrolyte in the final coloration of our NIR-DSSC. in agreement with the literature. [176] It shows up a broad transient absorption between ca. 500 nm and 720 nm, for which the kinetic clearly differs if the electrolyte is composed or not of a redox mediator (note the time scale difference in the Streak images).

Figure 44. CIE 1931 x,y coordinates calculated for the reference device (red point) and the complete NIR-DSSC based on VG20-C16 dye (black point). The dashed line in black represents the extension of the straight line joining the equalenergy point (white point) and the points referring to our NIR-DSSC to the perimeter of the chromaticity diagram to determine the dominant wavelength (573 nm).

Dye regeneration and electron injection kinetics

Chapter 3| p.90 The corresponding transient decay is attributed to the depopulation of the dye radical cation after a 30 ps pump pulse at 830 nm (Figure 46). The exponential decay systematically requires two components to account for a fast and slower process in the dye regeneration. For I3 -/I -redox couple, dye regeneration takes places within τ1 = 1.5 µs (± 0.09 µs) and τ2 = 19.4 µs (± 1.3 µs). These values are in the same order of magnitude as those reported in the literature for conventional ruthenium and D-π-A dyes. [START_REF] Novelli | [END_REF][177][178][179] A long-lived radical dye cation is experienced in contact with an inert electrolyte, i.e., free of redox couple to block the dye regeneration and measure the geminate recombination process (electron capture by the oxidized dye) (Figure 46.b). The halftime of the geminate recombination takes place within 0.94 ms (± 0.02 ms). It does not totally decay even beyond the upper limit of the 5 ms sweep time of our Streak camera. Based on these results, we can conclude that dye regeneration yield is close to being quantitative and does not constitute a limiting step of the IPCE, i.e., Φreg > 98 % in I3 -/I -. This is in good agreement with the cyclic voltamperometry experiment, which showed a driving force of ca. 500 mV for the dye regeneration. The femtosecond dynamics of the excited state of VG20-C16 have also been investigated in order to monitor the charge injection dynamic. In the NIR part, the stimulated emission (SE) is observed in the 850-1030 nm range, which decays within 25 ps. The GSB signal, between 730 and 900 nm, shows a double peak structure, akin to the steady-state absorption spectra due to monomers and aggregates. According to the groundstate absorption spectra (SSA) of VG20-C16 in solution and on TiO2, one infers that the highenergy band at 780 nm is dominated by aggregates, while the low-energy band is a combination of GSB bleach of monomers and aggregates and SE from monomers. The 880 nm band has decayed by half its amplitude within 10 ps and reaches a stable level of ≈ 20% of the initial value by 100 ps. While the fast decay is due to SE decay and partial ground state recovery, the long-time asymptote is due to the radical dye cation.

The 780 nm band shows different kinetics. A slight rise of this aggregate-dominated band is observed until 2 ps (Figure 48), which is a clear signature of excitation of aggregates due to energy transfer (ET) from monomers. In addition, a sharp absorption feature develops at λ ≈ 535 nm on a 2-ps time scale. Since it is not observed in monomers, it is attributed to the ESA of aggregates, rising according to the monomer-aggregate energy transfer process.

Chapter 3| p.93 If all molecules, monomers and aggregates, became photo-oxidized, and since the cation absorption is negligible in the region of dominant GSB (800-900 nm), the negative ΔA signal should not decay with time, contrary to what is herein observed, meaning that the carrier injection yield (Φinj) is well below 100%. Hence, the ratio GSB(t=0.2ps) / GSB(t=5 ns) provides an estimate of Φinj. However, part of ΔA is due to SE, thus making the determination of the pure GSB component difficult. Nevertheless, analyzing the ΔA(t=0)/ΔA(t=5 ns) ratio at different wavelengths (780-850 nm) provides an upper limit of Φinj ≈ 30-35%. Although lower, this value is relatively consistent with the IPCE at 810 nm (≈ 40-45%) (Figure 37.b). The discrepancy is explained first by the TAS experimental conditions, which are different from the IPCE and (J-V) experiments in terms of excitation power (i.e., nonlinear response of DSSCs between cell photocurrent and incident light power) and the absence of a scattering layer in the device made for TAS measurements.
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We have also studied the excited state dynamics in non-injecting ZrO2-based devices, which serve as a reference to identify excited-state processes, e.g., energy transfer which may be in kinetic competition with the electron injection in TiO2 devices with an equivalent degree of aggregation.

The differential spectra for ZrO2-based devices show clear differences compared with TiO2 (Figure 49.b). Indeed, the radical cation signature is absent, and the GSB fully recovers (zero signal) by ca. 1 ns. The SE (> 900 nm) decays slower than TiO2 devices since a weak signature can still be observed at a delay of 150 ps. The monomer-to-aggregate energy transfer (ET) is also observed for ZrO2, as a small increase of the bleach band at 760 nm. Plots of kinetic traces and detailed multi-exponential fits are gathered in Figure 49. In order to highlight the carrier injection processes and their kinetics, Figure 50 The data suggest two distinct reaction pathways for VG20-C16 on TiO2 and ZrO2, as summarized in Scheme 2 starting from photo-excited monomers (VG20*) and aggregates (Agg*).

Scheme 2. Excited-state reaction schemes: On TiO2, VG20* can form the VG20 + cation due to electron injection or decay into excited state aggregates (Agg*) due to energy transfer. Photo-excited aggregates return to the ground state (VG20) due to self-quenching. On ZrO2, VG20* undergoes ET, but also dominantly non-radiative recombination to VG20. Rates as indicated; their relation to the observed lifetimes will be explained below.
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As summarized in Table 9, characteristic lifetimes for VG20-C16 on TiO2 are in the 0.5- In summary, the comparison of VG20-C16 on TiO2 and ZrO2 allows to identify the kinetic signature of the electron injection within dominantly 4 ps most probably from monomers (kinj), competing with monomer-to-aggregate energy transfer (kET) identified already on a 0.4 ps time scale, but also on the slower 4 ps lifetime (Table 11). This kinetic competition limits the electron injection efficiency from the monomer to ca. 30 %. Injection from the monomers and aggregates may also take place on the 25 ps time scale since prominent excited state decay is observed, but a clear radical cation formation signature is missing, possibly due to compensating ESA decay/radical cation formation. Based on these important results, we can clearly confirm that aggregate formation and the related energy transfer from monomer to the aggregates limit the injection efficiency and performance of this type of NIR-DSSC using polymethine cyanine dyes. 

Conclusions

In this work, a family of NIR-selective polymethine cyanine dyes coded VG20-Cx was developed.

The main attribute of VG20-Cx is its strong and sharp S0-S1 transition in the near-infrared region (λ = 832 nm) and a minimized S0-Sn contribution in the far blue where the human retina is poorly sensitive. By bringing the NIR-selective dye-sensitized solar cell transmittance in the maximum region of the photopic response, we herein demonstrated a never reached level of aesthetic performances for DSSC technology with an AVT value of 76 %, a CRI value of 93.4, and CCT of 4297.5 K when associated with I3 -/I --based electrolyte. The dominant wavelength was determined to be 573 nm, associated with a yellowish-orange coloration and a color saturation of 31%. In the same conditions but removing the contribution of the I3 -/I --based electrolyte, the color saturation calculated is 16%, highlighting the importance of the electrolyte in determining the final coloration of our NIR-DSSC. Moreover, the formation of aggregation was determined to be a limitation for both performances and aesthetics.

After carefully optimizing the dye structure and device components, we demonstrated a PCE as high as 3.1 % under A.M.1.5G conditions. As a result of the absorber bandgap narrowing, we revealed that the electron injection process falls in direct kinetic competition with non-productive monomer-to-aggregate energy transfer, thus limiting the device performance when associated with this type of polymethine cyanine dyes. [126,180] Nevertheless, in this chapter, we presented NIR-DSSC from a first proof-of-concept to an efficient device with a high level of transparency. Based on this first work with cyanine dyes, we direct the next steps developing NIR-DSSC towards achieving higher power conversion efficiencies by avoiding the harmful aggregation formation.

Moreover, we estimated AVT values greater than 80 % by developing more transparent redox mediators and by abating molecular aggregation in the SAM.
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Chapter 4. A new approach for efficient NIR light conversion with symmetrical pyrrolopyrrole cyanine dyes

Pyrrolopyrrole cyanine (PPcy) dyes are derivatives prepared from the synthetic pigment diketopyrrolopyrrole (DPP), with the latter exhibiting many attractive properties, such as high resistance to heat and light. [181] Moreover, the easy structural modifications of DPP by chemical means, along with their remarkable electro-optical properties, pave the way for applications in the field of organic electronics, such as organic field-effect transistors (OFET), [182] light-emitting diodes (LED), [183] and organic photovoltaics (OPV). [184,185] A relatively few examples of PPcys synthesis are described in the literature. Their uses mainly concern biological applications such as imaging, [186] photoacoustics, [187] , and pH indicators. [188] In photovoltaic devices, PPcy has been integrated as an electron donor molecule in OPV systems.

PPcy1 and PPcy2 shown in Figure 52 were combined with the fullerene acceptor C60, reaching 0.38% and 0.53 % power conversion efficiencies, respectively. [START_REF] Weiss | Organic Electronic Device with Active Layer[END_REF] Although these PCEs are relatively modest, this study comprises the first application of PPcys for photovoltaic applications. Photosensitizers possessing the DPP skeleton have been developed for n and p-type DSSCs achieving good power conversion efficiencies. [START_REF] Guo | [END_REF][191][192][193][194][195] Zumbusch et al. showed that PPcys dyes Chapter 4 | p.102 exhibit a fine and very intense absorption band (ε > 150000 M -1 .cm -1 ) between 750 and 900 nm.

They also have excellent stability under irradiation and are characterized by remarkable photoluminescence quantum yields, ranging between 0.4 and 0.6, with emission lifetimes of several nanoseconds. [196] These properties make PPcy dyes a promising family for NIR light conversion in DSSC.

In this chapter, we present a new series of dyes from the PPcy family and their integration into DSSC devices. The motivation behind synthesizing this new series of dyes for NIR light conversion is discussed based on computational, electrochemical, and optical characterization.

Detailed optimization of the photovoltaic performances is given, comparing the different structures and their roles in achieving the best performances. Finally, ultrafast spectroscopy measurements using fluorescence up-conversion and transient absorption spectroscopy techniques are applied to compare the most promising PPcy dye to the cyanine dye VG20-C16.

In the previous chapter, we revealed that for VG20-C16 dye, the electron injection is in kinetic competition with a non-productive monomer-to-aggregate energy transfer, limiting the device performance. As such, minimizing aggregation was the first obstacle to tackle by dye engineering.

With this aim, we selected the pyrrolopyrrole cyanine (PPcy) family targeting two main goals:

adding bulky side groups instead of the linear ones as in VG20 dye, which will result in less aggregation, and providing a better-pushed electron distribution towards the anchoring groups to render better injection rate.

Computational study of PPcy dyes

The general structure of PPcy dyes is presented in Figure 53, highlighting the different possible chemical modifications that can be applied to improve the dye for the targeted applications. For instance, the work of Fisher et al. showed that the nature of the aromatic ring 1 generates a modification in the spectroscopic properties and that it is possible to substitute the boron on position 3 with fluorine or phenyl. [196] The introduction of phenyl units leads to a bathochromic shift in wavelength and an increase in the molar extinction coefficient. [197] This shift is mainly related to the electron-donor nature of the phenyl group compared to the fluorine atoms, which are As observed from Figure 54, the spin densities on the LUMO orbitals appear to be sufficiently intense on the carboxylic acid functions ensuring an effective charge injection process. The HOMO is localized on the core of the dye, whereas the LUMO is slightly more extended, showing contributions going up to the carboxylic anchoring groups. The DFT calculations suggest that the HOMO level of TB207 located at E = -6.32 eV vs. vac., is upshifted by 0.29 eV compared to TB144 (EHOMO = -6.61 eV vs. vac.) as a result of the replacement of the fluorine atoms (TB144) by the phenyl groups (TB207). The LUMO level is also upshifted by 0.20 eV for TB207 (ELUMO = -2.87 eV). Consequently, it is calculated that the absorption maximum is 633 nm for TB144, and the latter is red-shited to 671 nm for TB207 dye ( Table 12).

Chapter 4 | p.105 absorption. [198] As such, two symmetrical thienyl-PPcy dyes were studied, coded TB179 and TB202. TB179 and TB202 are analogous to TB144 and TB207, respectively. The molecular modification lies only in the replacement of the phenyl unit on the PPcy ring by a thienyl group.

Similar to TB144 and TB207, the computational analysis of the thienyl-PPcy dyes shows that the electronic density is concentrated on the PPcy core for both HOMO and LUMO levels, with also a short-range delocalization of the excitons (Figure 55). From these results, the introduction of the thienyl unit into the PPcy ring does not noticeably affect the electronic density and distribution within the molecule. However, the introduction of the thienyl unit stabilizes the energetic of the LUMO level, which may hinder the electron injection process. The calculations predict a bathochromic shift of 20-30 nm for TB179 and TB202. These results are gathered in Table 13. 

Characterization of PPcy and thienyl-PPcy in solution

The absorption spectra of the PPcy dyes TB144 and TB207 and the thienyl-PPcy dyes TB179

and TB202 in solution are shown in Figure 57. All the dye solutions were prepared in a solvent mixture of chloroform and ethanol (CHCl3/ethanol 1/9 v/v). These dyes exhibit the classical absorption fingerprint of PPcy derivatives, with a sharp, intense π-π transition. The spectra show a weaker vibronic band at a lower wavelength. The PPcy TB144 and TB207 dyes have an absorption maximum at 712 nm and 760 nm, respectively. Although the DFT calculation is not precise enough to determine an absolute good value, as aforementioned, the experimental red-shift by 48 nm falls in very good agreement with the calculations. The shift is attributed to the reduced electron density on the boron induced by fluorine, which stabilizes the HOMO level energy for TB144. As expected, a bathochromic shift of about 30nm is observed for TB179 and TB202 compared to TB144 and TB207. TB179 is redshifted to its analogous TB144 with maximum absorption at 748 nm, while TB202 exhibits the most red-shifted absorption to 796 nm. The broad absorption between 400 and 700 nm observed for TB179 and TB202 dyes is potentially related to the addition of thienyl groups in the structure and directly influences the color of the final compounds. As a result, the dyes TB144 and TB207 present a green coloration in solution, whereas TB179 and TB202 are rather brownish. The sought Chapter 4 | p.112 shift of the absorption into the NIR region objective is thus verified by substituting phenyls with thienyls. However, a decrease in the molar absorption coefficient (ε) is observed for TB202 and TB179 compared to TB207 and TB144 (Table 15). It is noteworthy to highlight that the presented dyes show a bathochromic shift compared to PPcy dyes reported in the literature, which are without anchoring groups. [197] This shift stems from the electron-withdrawing character of the carboxylic acid moieties that tend to stabilize the LUMO levels. A promising feature of TB207 is the negligible absorption in the visible range (400-650 nm). For TB144, TB179, and TB202, we still observe residual absorption in the range of the photopic response, thus potentially penalizing the aesthetic of the final device.

The effect of the structural changes on the photoluminescence properties of the presented PPcy dyes has been herein investigated by using steady-state fluorescence spectroscopy and timeresolved correlated single photon counting (TCSPC). The 2D excitation/emission plots of the fluorescence of TB144, TB207, TB179, and TB202 are reported in Figure 58. All of the dyes exhibit an intense emission in the NIR region, which corresponds to the radiative deactivation of the S0-S1 transition. This PL is about one order of magnitude more intense for TB202 and TB207 dyes, in which the boron atom holds the phenyl group, than the fluorine-derivatives TB144 and TB179. We attribute this to the quenching caused by the formation of aggregates. These results stand as evidence of the role of the phenyl group on the boron atom in de-aggregating the dye molecules. Another feature observed from the excitation/emission maps is the additional bands in the visible region (400-700 nm) for TB179 and TB202 dyes. These results also confirm that the substitution of phenyl by thienyl units on the PPcy ring modifies the excitation/emission properties significantly (Figure 57). All the experimental optical properties are summarized in Table 15. The time-resolved PL decays of the PPcy dyes in a solvent mixture of CHCl3/ethanol (1/9 v/v) are reported in Figure 59.a. The studied dye solutions are free of any de-aggregating agent such as CDCA, with an OD lower than 0.8 at the excitation wavelength (640 nm). The new dyes series of DPP derivatives possess two timescales of the excited-state lifetime depending on the structure:

the PPcys dyes TB144 and TB207 show a remarkable long-lived excited state with a lifetime of 3.74 and 3.11 ns, whereas the thienyl-PPcy TB179 and TB202 dyes show a shorter-lived excited state within 0.74 and 0.88 ns, respectively. These results show that the substitution of the phenyls on the PPcy ring with thienyl units shortens the excited state lifetime in solution, which can contribute to lower injection efficiency for the thienyl-PPcy dyes. Our reference NIR dye for the moment, VG20-C16, shows a short lifetime of the excited state of 0.39 ns in solution, and its PL decay is compared to that of TB207 in Figure 59.b. 

Optimization of the photovoltaic performance of PPcy and thienyl-PPcy based NIR-DSSC

The acquired knowledge from VG20-C16 cyanine dye clarifies that hampering aggregation is our starting point for optimizing this new family of dyes. For that, we use the conventional chenodeoxycholic acid (CDCA) as a de-aggregating agent added to the dye solution. The dye concentration is fixed at 0.1 mmol/L for all dyes in a solvent mixture of CHCl3/ethanol (1/9 ratio The PPcy dye TB144 and the thienyl-PPcy dyes TB179 and TB202 measure very low PCE with CDCA free sensitization (Figure 60). On the other hand, the PPcy dye TB207 achieved a remarkable 3.1% PCE without introducing CDCA in the dyeing solution. This high performance stems from the noteworthy high short-circuit current density (Jsc) with a value of 15.7 mA/cm².

All the photovoltaic parameters and PCE measured for de-aggregating agent-free sensitization conditions are gathered in Table 16. Adding 1 mmol/L of CDCA in the TB207 dye solution allows enhancing the Voc to 367 mV while measuring a slight drop in Jsc (14.9 mA/cm²), resulting in 3.2% PCE. The increment of CDCA concentration to 5 mmol/L allows achieving a PCE maximum of 3.8%, owing to an increase in JSC from 15.6 to 16.5 mA/cm², and a ca.50 mV increase in the open-circuit voltage (Voc) from 348 mV to 394 mV. As presented in the J-V curve evolution as a function of CDCA concentration in Figure 61, a further increase in the CDCA concentration to 10 mmol/L (corresponding to 1/100 ratio) leads to a slight drop in Jsc to 14.9 mA/cm². This results in a drop in PCE to 3.2 %. All the values are presented in Table 17. The Jsc drop with 10 mmol/L CDCA can be attributed to the competition between the dye and CDCA molecules to adsorb on the TiO2 surface. As such, the optimized condition for TB207 is 1/50 ratio by concentration between the dye and CDCA. By contrast to this latter, TB144, TB179, and TB202 dyes require a 1/500 ratio of dye/CDCA in order to achieve the best performances, namely 1.2%, 0.6%, and 1.5% PCE, thus indicating that these structures are prone to form more harmful aggregation in the self-assembled monolayer. One principle limitation of these dyes is the low short-circuit current density lying between 4 to 7 mA/cm². The evolution of the (J-V) curves and the different photovoltaic parameters of the different dyes in their optimized CDCA conditions are presented in Figure 62 and Table 18. The IMVS results presented in Figure 63.a highlight two main outcomes of the dye structural modifications. First, they show that the PPcy dyes TB144 and TB207 exhibit a longer electron lifetime than the thienyl-PPcy TB179 and TB202. The second outcome is that the substitution of fluorine (TB144 and TB179) by phenyl (TB207 and TB202) on the boron atom results in a longer electron lifetime. This is attributed to the role played by the bulkier phenyl groups as a barrier between the triiodide in the electrolyte and the injected electron in TiO2, thus reducing the nongeminate recombination.

The transport time is also affected by the dye structural modification to a lesser extent except for TB202, which shows a one-order of magnitude faster transport time (Figure 63.b). These data allow us to evaluate charge collection efficiencies of 59% for TB179, 97% for TB202, 87% for TB144, and 81% for TB207.

The trap energies are affected by the structural modifications as observed from the dark charge experiments shown in Figure 63.c. This is attributed to the different dipole moments of the dye on the surface of TiO2, which gives indirect proof to argue that the dye geometry in the SAM is different depending on the substitution (e.g., the introduction of a bulkier phenyl group to hamper aggregation). The results suggest a trend of a downshift in the surface states upon the substitution of fluorine (TB144 and TB179) with phenyl (TB202 and TB207).

These results are in agreement with the open-circuit photovoltage recorded for these dyes, explaining the Voc measured. For instance, the low Voc value of 246 mV measured in TB179

devices is a result of the high non-geminate recombination rate, and a downshift in the trap states.
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Electrochemical approach to enhance the open-circuit photovoltage

Deciphering the limitations of reaching higher PCE values, the open-circuit voltage (Voc) appears to be a primary contributor to our system. The difference between the quasi-Fermi level of TiO2 photoanode under illumination and the electrolyte's redox potential level is considered the theoretical maximum value of Voc. Moreover, the non-geminate recombination of the electrons in the TiO2 to the oxidized species in the electrolyte (e.g., I3 -) is also considered a source of the drop in Voc, resulting systematically in lower PCE. An interhalogen-based binary-redox couple was proposed by the group of Jae-Joon Lee, denoted by (I3 -, I2Br -)/(I -, Br -), introducing a novel redox couple with more positive potential than the classical I3 -/ I -to boost up the Voc of DSSC. [199] 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27 0.30 The absorption of the B1 electrolyte is compared to that of the EI one in Figure 64. The binary electrolyte has the same absorption fingerprint as the conventional triiodide/iodide one. The expected absorption peaks for I2Br -at 350 and 280 nm were not present clearly because I3 - dominates over I2Br -in this electrolyte composition in agreement with literature. [199] However, we observe for B1 electrolyte a slight decrease in the 360 nm band corresponding to the absorption of I3 -. This supports the formation of I2Br -. compared to the EI one (1 mol/L). However, adding a 1 mol/L LiI to 0.04 mol/l Br2 leads to maintaining the short-circuit current density at 16.4 mA/cm² on the expense of losing the gain expected in the photovoltage (398 mV), with a final PCE of 3.85% similar to EI electrolyte. The slight decrease in Jsc can also be associated with the decrease of the electrolyte's ionic conductivity when the concentration of I2Br -is increased. For the B1 electrolyte, despite the slight drop in the Jsc, and with a 59% FF, a 5% increase in the PCE is achieved, leading to a 4% efficiency of TB207 based devices, a never reached value for NIR-selective DSSC.

IMVS experiments (Figure 65.b) show that the interhalogen binary electrolyte affects mainly the electron lifetime, as devices with I3 -/I -(EI) possess a shortened electron lifetime when compared to (I3 -, I2Br -)/(I -, Br -) electrolyte (B1). This implies that the interhalogen species in the binary electrolyte reduce the non-geminate recombination helping increase Voc, in agreement with the previous studies in the literature. [199,200] The transport time was affected to a less extent, as shown in of the redox species in the electrolyte, which is in agreement to literature. [199] Chapter 4 | p.123 As a member of the cyanine family, one drawback of these dyes is their stability. Figure 66 shows the shelf-life stability of TB207 dye with EI and B1 electrolyte, compared to our reference VG20-C16 cyanine dye in the same conditions. Even though TB207 is still not stable under aging conditions, it shows the enhanced performance when compared to VG20-C16, as the steepness of the stability curve is less intense. 

Ultrafast spectroscopy of carrier injection, dye regeneration, geminate recombination, and concurrent processes of TB207-NIR-DSSC

The performances of TB207 with a relatively low concentration of CDCA to achieve the maximum PCE (5 mmol/L compared to 50 mmol/L for VG20-C16 dye) comprises our first evidence that the structural dye engineering was successful in avoiding the harmful dye aggregations. However, as pointed out in Figure 67, which presents the absorption spectrum of TB207 on TiO2 compared to absorption in solution, this dye still exhibits the fingerprint of aggregates formation. This can be deduced from the broadening of the main S0-S1 transition band and the increase of the shoulder at 720 nm. and 900-1030 nm detected a few picoseconds (0.75 ps) after excitation corresponds to the excited state absorption (ESA) of TB207. The negative signal at around 750 nm is in agreement with the steady-state absorption spectrum and is ascribed to the ground state bleaching (GSB). The GSB superimposes with the stimulated emission (SE) in the range of 720-900 nm. The dye returns to ground state between 2 and 5 ns, which is good agreement with the previously obtained lifetime value of 3.2 ns determined by TCSPC.

The following experiments were performed on TB207 grafted on TiO2 and Al2O3 as a noninjecting semiconductor. Due to the higher bandgap, Al2O3 serves as the reference non-injecting DSSC, and the energy transfer (ET) is the only excited state quenching process. We compare in Chapter 4 | p.126 the following a complete TiO2 DSSC with 5mmol/L CDCA and a 0mM CDCA Al2O3 device since their absorption spectra indicate about the same monomer-to-aggregate ratio. Upon excitation (0.75 ps), the transient absorption spectrum of TB207 on Al2O3 without CDCA shows the same positive signals as in solution, at 450-690 nm and 830-1030 nm, corresponding to the absorption of the singlet excited state (Figure 68.b). Moreover, we also find the superposition of the GSB/SE, but this time, it deactivates much faster than in solution. Indeed, 50% of the ground state is depopulated after 50 ps on Al2O3 against 1000 ps in solution. In parallel, the absorption of the excited state (at more than 920 nm) decreases in favor of a new positive absorption band around 830-920 nm. The ESA at 680 nm undergoes a hypsochromic shift of 40 nm from 50 ps, and then its intensity decreases until it returns to the ground state. These changes reveal the energy transfer (ET) from the monomer to the aggregates, which de-excites to form a neutral species again in less than a nanosecond.

In the transient absorption spectrum of TB207 on TiO2 with 5mM CDCA (Figure 68.c), the spectral characteristics of GSB/SE are identical to those observed on Al2O3, with a decrease of about 50% at 40-50ps. In addition, the highest intensity positive peak is shifted by 50 nm relative to Al2O3, i.e., 620 nm compared to 670 nm previously. The intensity of the ESA does not decrease with time and indicates that the ground state has not completely reformed. Therefore, this attests to the injection of electrons into the conduction band of TiO2. This process occurs very quickly since the intensity maximum is almost obtained after 10 ps. Moreover, no absorption of the excited aggregates is observed at 880 nm and the ESA around 900-1030 nm is very low. All these parameters indicate an ultrafast injection process in the order of picoseconds predominating over the charge transfers between the monomer and the aggregates.

Femtosecond TAS confirms that, due to structural inhomogeneities, both electron injection and ET occur on time scales of roughly 1-100 ps.

Chapter 4 | p.127 Their values, as well as the relative amplitudes, are given in Table 19. With <k(Al2O3) > = <kET> and <k(TiO2) > = <kET> + <kinj>. The measured kinetics reveals a <kET> = 0.0185 ps -1 and <kinj> = 0.037 ps -1 , which means an injection efficiency Φinj ≈ 67 %. This injection quantum yield is much higher than the one evaluated for VG20-C16 dye (Φinj ≈ 30 %), which comprises an advantage of the PPcy dye structure over the cyanine one.

The excited-state reactions in the TB207/TiO2 DSSC are cast in Scheme 7, highlighting the roughly 2/3-to-1/3 excited state branching between electron injection and ET. Excited aggregates (Agg*) decay on a slower time scale, back to the ground state (S0), but some contribution to carrier injection and thus to Jsc cannot be excluded. [201] Scheme 7. Main electronic processes deduced from fluorescence up-conversion involved in TB207-based DSSC.

TB207 dye radical cation regeneration and geminate recombination kinetics have been evaluated For the triiodide/iodide redox couple, the regeneration takes place within τ1= 0.38 µs (±0.018 µs) (f1 = 72 %) and τ2= 2.52 µs (±0.16 µs) (f2 = 28 %) (Figure 71.a). These values are almost one order of magnitude faster than VG20-C16 dye, and those reported for conventional dyes such as D-π-A dyes or ruthenium complexes. [177][178][179] The exponential decay required two components. As confirmed by the fs-TAS and up-conversion studies, aggregates contribute to the carrier injection.

As such, it is convenient to account the faster component to the regeneration of the dye monomer while the slower one is attributed to the dye aggregate regeneration.

The regeneration kinetics were found to be slightly different for devices based on the binary electrolyte B1. Figure 71.a shows the depopulation of the TB207 dye radical cation probed at 650 nm in the presence of either EI (black) or B1 electrolyte (red), in a 10 µs time window. The kinetics with EI electrolyte decay completely in this timescale while a longer kinetic is observed for B1 electrolyte. In order to record the full decay of TB207 with B1 binary electrolyte, the kinetics were followed in the 50 µs time window. The fitting reveals two lifetimes: τ1= 2.5 µs (±0.41 µs) (f1 = 59%) and τ2= 13.2 µs (±2.5 µs) (f2 = 41 %). We attribute the longer regeneration lifetime in the case of B1 electrolyte to the fact that the binary redox couple (I -, Br -)/ (I3 -, I2Br -) exhibits a more positive potential compared to I -/I3 -couple, and thus the driving force for the hole transfer is reduced, i.e., -ΔG°reg (I -/I3) < -ΔG°reg (I -, Br -)/ (I3 -, I2Br -). These values have to be compared to the geminate recombination process. For this, an inert electrolyte is used. In this case, the lifetime of TB207 radical cation with a redox-free inert electrolyte shows long-lived species within τ1= 0.08 ms (±0.008 ms) as the dominant species with 

Conclusions

In this chapter, DPP derivatives were developed for selective NIR light conversion. This led to the synthesis of a new series of pyrrolopyrrole cyanine dyes based either on PPcy or thienyl-PPcy skeleton. The TD-DFT calculations revealed that the main electronic density is concentrated on the PPcy core for both HOMO and LUMO levels, with a short-range delocalization. Moreover, the electronic density on unoccupied molecular orbitals appears to be sufficiently intense on the carboxylic acid anchoring group, ensuring correct directionality in the charge transfer processes at the excited states and thus an efficient charge injection.

The thienyl-PPcy dyes denoted as TB179 and TB202 exhibit a red-shifted absorption compared to the PPcy dyes coded TB144 and TB207. However, TB207 was the most promising for future This chapter will cover the two last approaches followed in my work. The first is the exploration of a colorless redox mediator, starting with cobalt-based electrolytes. Then, the aesthetic evaluation with the I3 -/I -redox couple and cobalt complexes will be presented for TB207-DSSC.

In the aim of optimizing aesthetics, we introduced a transparent hybrid sulfur/iodide-based redox couple in order to reach a color-neutral wavelength-selective NIR-DSSC. The work presented will provide the photovoltaic performances with the hybrid electrolyte as well as an optimization of the electrolyte composition. Moreover, the comparison of AVT and different color metrics of TB207devices in the presence of the I3 -/I -or the hybrid sulfur/iodide redox mediators will be given, highlighting the outcome of the new colorless electrolyte. This evaluation is within an in-depth optimization of the photoanode's thickness to find the best balance between performances and transparency, using the light utilization efficiency (LUE) metric.

The second part of this chapter is dedicated to the extension of the PPcy dyes with the push-pull approach to increase the dyes' performances. Preliminary results of the PV performances and aesthetics evaluation are presented.

Cobalt-based electrolyte with TB207-DSSC towards color-neutrality

Among the alternative redox couples that have been investigated so far to replace the orangecolored I3 -/I -redox mediator, a few can fit into the requirements of the NIR dyes. The suitability of an efficient redox couple in a NIR-DSSC depends on several properties, but most importantly, on its ability to regenerate the oxidized dye efficiently. Moreover, the redox couple should exhibit a low molar extinction coefficient in the visible range and low internal reorganization energy subsequently to the hole transfer process.

Historically, cobalt complexes represent a successful way to replace tri-iodide/iodide redox couple. [156] One advantage of introducing Co complexes for NIR-DSSC stems from the low absorption coefficient of both the reduced and oxidized form. [202] The reduced form has a weak The peak at m/z = 275 is attributed to S2(TMA + )2 C2H2NNa. A difference of 32u for two times is measured, which corresponds to the atomic weight of S. These differences are highlighted by the black stars in Figure 77, and they correspond to S3(TMA + )2 C2H2NNa and S4(TMA + )2 C2H2NNa.

The same trend is followed at higher m/z ratios (highlighted with green stars). We attribute the m/z = 446 to the dimer where also a difference of 32u is recorded (m/z = 478 and 510).

Polysulfides systems are well-known for having different coloration depending on the chain length. A clear correlation between polysulfide species and absorbance can be found in the literature. [204][205][206] For NIR-DSSC application, keeping the number of polysulfide chains as small as possible is crucial to avoid parasitic light absorption in the visible range. The solvent can control the chain length through its dielectric constant (ε), donor number (DN), and the Lewis acidity of the cation. [207][208][209] Selecting a low ε and DN solvent stabilizes the short chains (𝑛 ≤ 4). [210] Acetonitrile is the solvent of choice for our electrolyte. It is characterized by an intermediate ε value (35.9) and a low DN (14.1). However, TMA + is a weak solvating cation in acetonitrile. [209] As such, it explained why the polysulfide (Sn 2-/S 2-) solution is mainly composed of n = 2, 3 and 4, which is in very good agreement with the MS results. The type of species present in the solution is also highly influencing the redox potential of the mediator. The electrochemical properties of the hybrid electrolyte were studied by cyclic voltammetry. The corresponding CV curve, presented in Figure 78, shows two successive and irreversible oxidation peaks at 0.64 V and 0.84 V vs. Ag + /Ag, which correspond to +0.60 V vs. SCE and 0.80 V vs. SCE, and are ascribed to the oxidation of S 2-. These results suggest that the polysulfide redox couple is non-suitable for the efficient regeneration of the TB207 dye (HOMO at +0.82 V vs. SCE). We determined the dominant wavelength of each of the reference cells to be 572 nm with EI electrolyte and 570 nm for the ESI electrolyte device. The most important outcome of the replacement of EI by ESI is the decrease of the color saturation from 27 % to 11 %. This result emphasizes the capability of reaching higher transparency and more colorless NIR-DSSC by incorporating the hybrid Sn 2-/S 2 and I -electrolyte.

Optimization of the hybrid electrolyte with TB207 PPcy dye

In order to optimize the hybrid electrolyte with TB207 dye, we investigated 4 different compositions varying the ratio of the components (Figure 80). In these electrolytes, the source of However, the Voc increases to 397 mV, and with a FF of 0.58, the devices reach a PCE of 2.9%.

I -is
In the following, we selected the concentration of 0.02 mol/L of Sn 2-/S 2-as the optimal condition.

We investigated the effect of LiI added with a concentration of 0. ). [171,172] As a result, the charge collection efficiency is enhanced from 81% with EI to 93% with ESI4 electrolyte.

The dark charge extraction experiments show only a slight change in the shallow traps-energy with a ca. 30 mV upshift and distribution (Figure 81.c). Therefore, the new redox couple has no influence on the dye monolayer geometry and on the interfacial dipole moment. 

Aesthetic optimization of TB207-based NIR-DSSC with EI and ESI electrolytes

The relationship between photo-anode thickness (2, 4, and 6 µm) and the device's optical properties with a conventional I3 -/I -based electrolyte (EI) is reported in Figure 82. Aesthetic optimization with colorless electrolyte and new attempts for higher PCE Chapter 5 | p.147 However, it is crucial while optimizing the photoanode's thickness for aesthetics to evaluate the photovoltaic performance, as the TiO2 thickness controls the number of dye molecules grafted and thus has a direct effect on the power conversion efficiencies. The different thicknesses of TiO2 used in the AVT study were also investigated for their effect on the PCE values. The J-V curves corresponding to these devices are reported in Figure 83.a. While the Voc is almost not affected, the Jsc drops from 12.5 mA/cm² for a 6 µm thick TiO2, to 11.8 mA/cm² and 8.3 mA/cm² for the 4 and 2 µm TiO2, respectively. This leads to a loss, even though moderate, of the PCE from 2.7 % to 2.5 % and 1.9 %.

Here the importance of the light utilization efficiency (LUE) is highlighted to determine the best condition balancing both AVT and PCE values. As reported in Figure 83.b, the LUE increases from 1.46 % for a 2 µm-based DSSC to 1.87 % with the 4 µm thick photo-anode and then stabilizes ( LUE = 1.84 % for 6 µm thickness). In other words, the 2 µm-based device achieves the highest level of transparency, whereas the thicker one affords to achieve the best PCE. However, as moving from 4µm to 6 µm TiO2 leads to a loss of 7% in AVT, and as the PCE is not drastically affected (2.5% and 2.7%), the best condition would be the 4 µm TiO2. The CCT values are around 4500 K, which indicates that the perceived colors of the transmitted light are considered natural white. However, both dominant wavelength and color purity are intuitive quantities that will give a better understanding of the color perceived. [START_REF] Schubert | Light-Emitting Diodes[END_REF] The dominant wavelength with EI electrolyte is determined to be 570 nm for 2 µm and 4 µm thick TiO2 and 568 nm for the 6 µm thick film. The 570 nm represents an orange-yellow, while the 568 represents a slight shift to green. We calculated a color saturation value of 28 % and 32 % of the 570 nmdominated color for 2 µm and 4 µm thick TiO2, respectively. For the 6 µm thick TiO2, the color saturation was 35 %. These values imply two main conclusions: the TiO2 thickness plays a role in controlling the coloration of the DSSCs, and higher dye loading of TB207 with thicker TiO2 leads to the greenish-yellow appearance when combined with EI electrolyte. This is due to the increased absorbance of the NIR light by the dye molecules. All the calculated aesthetical values for all the reported devices are summarized in Table 21. As confirmed with EI electrolyte, the aesthetics are correlated to the film's thickness. As such, we carried out the same set of experiments with the hybrid sulfur/iodide electrolyte ESI4 to identify the influence of the transparent redox mediator in the final values of AVT and color metrics. Note that all metrics are for devices with SiO2 ARC layers. Indeed, a significant increase in CRI is observed, reaching an excellent value of 95 for the 2 µm-TiO2-device. Such a high value is maintained even for higher photo-anode thicknesses; the CRI reaches 93.4 for 4 µm thick photo-anode and 84.6 for 6 µm thick photo-anode. Moreover, the x,y chromaticity coordinates are shifting closer to the white point, indicating improved color neutrality with ESI4 electrolyte. The same trend of the dominant wavelength with EI electrolyte is observed for ESI4 as the 2 and 4 µm-thick TiO2 exhibit a 570 nm value, while 568 nm is determined for the 6 µm device. The advantage of the colorless ESI4 electrolyte is confirmed with the decrease of the color saturation down to 12 % for a 2 µm device compared to 28 % with EI electrolyte. The color saturation increases with the increasing TiO2 thickness to a value of 16 % for 4 µm thick device and 28 % for the 6 µm one. This is an important result that highlights the position of the device point near the white reference, thus revealing the important advantage to have introduced this ESI4 electrolyte for rendering the NIR-DSSC free of any discernable coloration (Table 22). In order to better perceive the impact of these numbers, the picture presented in Figure 87 shows a TB207-based NIR-DSSC with a 4 µm TiO2 incorporating EI electrolyte (left picture) or ESI4 electrolyte (right picture). The difference in color saturation, namely 28 % with EI and 12 % with ESI4, is revealed by the fading of the color seen in the picture. Moreover, the calculated shift in the chromaticity coordinates towards the white point is also confirmed by the visual appearance of the devices, where the ESI4-based device tends to have more color neutrality compared to the EI-based one. Based on all these results, we argue that the electrolyte is the main contributor to the final aesthetics of the devices after the dye. Even though the transparency level is not highly affected, the color saturation is totally dependent on the nature of the absorbing redox species in the electrolyte. Therefore, the Sn 2-/S 2 and I -hybrid redox mediator constitutes the most promising candidate so far for the development of NIR-selective DSSC. 

Dye regeneration study of TB207-based NIR-DSSC with the hybrid electrolyte

One excellent feature of TB207 dye, as discussed in the previous chapter, is the sub-microsecond regeneration in contact with I3 -/I -redox couple (τ1= 0.38 µs and τ2= 2. : [203] 2𝐼
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This mechanism shows that the hole transfer is still happening TB207 radical cation to the I - species in the electrolyte. In this reaction scheme, S 2-can efficiently reduce radical iodine I2 -• to I - before the latter disproportionate into I3 -species, thus explaining that the electrolyte remains colorless under operation. At the counter-electrode/electrolyte interface, the polysulfides (i.e., Sn 2- , with n= 2, 3, and 4) play the role of the electron acceptor, thus closing the total regenerative loop of the device. The DFT calculations show that the electronic density of the TB336 dye on the HOMO orbitals is very sparsely distributed on the arylamine units, as shown in Figure 90. As for the PPcy TB207 and TB144 described previously, the electronic density repartition of the HOMO and LUMO levels are mainly distributed on the center of the molecule, i.e., on the pyrrolopyrrole cyanine core.

A hypsochromic shift in the absorption band is expected for TB336. The PL properties of TB336 were followed by steady-state excitation/emission mapping presented in Figure 92. The 2D-contour plot shows an intense emission in the NIR region at ca.800 nm with excitation wavelength at the 300-400 nm and at the 700-800 nm range. The PL cartography is similar to the one recorded for the PPcy TB207. 

Photovoltaic performance and aesthetic evaluation of the push-pull PPcy dye TB336

We started the optimization of TB336 dye with the conventional tri-iodide/iodide redox couple.

For this, we used the same electrolyte EI optimized for TB207 dye, i.e., 1 mol/L DMII, 1 mol/L The transmittance of a device built with the same conditions, i.e., 4 µm TiO2, TB336 dye with 1/20 ratio of CDCA, and ESI4 electrolyte, is reported in Figure 94.b. This device exhibits an AVT of 73 %, leading to a LUE of 2.5 %. The chromaticity coordinates are calculated to be x = 0.3554 and y = 0.3753, with a CCT value of 4735 K (ie. 200 K lower than TB207) (Figure 95). The TB336-ESI4-DSSC achieved an excellent CRI value of 94. We highlight here that the AVT and CRI values are similar to TB207. This is revealed by the different hues perceived through the two different devices, as the dominant wavelength for the TB336-DSSC is 571 nm compared to 568 nm for TB207. The color saturation of the TB336 device is 19 %, compared to 16 % for TB207. Another very interesting characteristic of TB336 dye is its enhanced stability in devices in comparison to the PPcy dye TB207. Figure 96 shows the evolution of photovoltaic parameters of both TB336 and TB207 DSSC with EI electrolyte under shelf-life aging conditions. While TB207-DSSC tends to lose >50% of its initial PCE after 300 hours, the PCE of TB336-DSSC retains >90% of its initial value up to 950 hours. We consider this as a very promising feature of TB336 as a NIR-dye, and which, upon optimization, can achieve good performances under accelerated stability testing. 

Conclusions

In this chapter, we showed two approaches to the optimization of NIR-DSSC. Starting by comparing the color metrics between TB207-DSSC with the I3 -/I -(EI) and [Co(phen)3] 3+/2+ (ECo) electrolytes, the results showed the dependence of AVT, CRI, and color metrics on the redox mediator. Even though AVT showed a slight drop from 70% to 68% while replacing EI with ECo, the CRI increased from 89.7 to 93.4, and the color saturation decreased from 28 % to 16 %.

Therefore, the electrolyte was identified as the main-role player in the final visual appearance of the DSSC. However, this very good aesthetic level is mitigated by the low photovoltaic performances of the TB207 associated with ECo. As such, encouraged by this first step towards a transparent electrolyte, we introduced a new electrolyte based on a hybrid sulfide/iodide redox mediator (coded ESI) to improve both the aesthetics and the performance. In particular, combining TB207 dye and the hybrid electrolyte affords to achieve the highest aesthetic level so far reported for transparent DSSC (AVT 78%, CRI 95 and CIE x,y chromaticity coordinates very close to the white point (x = 0.3440; y = 0.3631). The color purity can be reduced from 32 % to 16 %. Upon optimization of the electrolyte composition, a 3.3% PCE is reached with the ESI4 electrolyte incorporating a scattering layer and 2.5 % for a fully transparent device. We also presented the effect of the photoanode's thickness on both PCE and aesthetics, where 4 µm was found to be the best thickness to balance the performances (PCE = 2.5%) and the transparency (AVT = 75%).

The second approach consisted of dye engineering, where the concept of PPcy dyes was extended to a push-pull through the incorporation of a triphenylamine group, well-known as the "Hagfeldt donor." This dye, coded as TB336, achieved a remarkable performance, crossing 4% PCE with a relatively low concentration of CDCA. One very important outcome of this approach is that this new dye overcomes, even more, the formation of harmful aggregation, with a PCE of 3.6% with 

Conclusions and perspectives

The main objective of this thesis work was to develop an efficient NIR-selective-DSSC, which As such, we provide in chapter 2 a detailed explanation of colorimetry for photovoltaics that can help understand how to report the aesthetics of a PV device. Most importantly, we pave the way to a standard procedure to homogenize the comparison of different technologies.

Chapter 3 covers our first attempt towards NIR-DSSC development. Whereas the cyanine dye VG20-Cx provided the original impetus for the proof-of-concept a few years ago, the optimization of the dye structure, electrolyte composition, and sensitizing conditions, VG20-C16 led to a PCE of 3.1% with the conventional I3 -/I -redox couple (EI electrolyte). The in-depth kinetics study highlighted the limitation of the performances by the harmful dye aggregation, which was proved to hinder the charge injection (injection efficiency< 30%) due to the fast, non-productive monomer-to-aggregate charge transfer. Moreover, these aggregates are also responsible for the intense coloration of the DSSC, and avoiding the formation of the aggregates renders the device more color neutral. With the optimized conditions, our first attempt towards transparent NIR-DSSC achieved an AVT of 76% and a remarkable CRI value of 93.4. However, the hue perceived through our device is dominated by a 573 nm wavelength, which renders a yellowish-orange coloration with a 31% color saturation. This hue is attributed to the I3 -/I -electrolyte.
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The second step was to tackle the dye engineering to avoid the detrimental aggregation issue limiting the performances of the NIR dyes. This resulted in developing a new series of dyes from the pyrrolopyrrole cyanine family discussed in chapter 4. One of these dyes, coded TB207, achieved the sought goal by recording remarkable performances, with a 3.1% PCE with no de- The last chapter dealt with two approaches dedicated to achieving color neutrality through colorless electrolytes and reaching higher performances. In the search for colorless electrolytes, cobalt complexes seemed the first obvious choice, as it has been widely studied in the literature.

However, even it enhanced the final aesthetics of TB207-based DSSC, the performances were poor (PCE = 0.6%). As such, we introduced a new transparent electrolyte based on a hybrid sulfide/iodide redox mediator (coded ESI) to improve the aesthetics of wavelength-selective NIR-DSSC. The objective of the hybrid redox mediators is to achieve the reduction of the colored I3 - species by the S 2-, and thus obtain a transparent and color-neutral electrolyte. Combining TB207 dye and the hybrid electrolyte affords to achieve the highest aesthetic level so far reported for transparent DSSC (AVT 78%, CRI 95 and CIE x,y chromaticity coordinates very close to the white point (x = 0.3440; y = 0.3631). The color purity can be reduced from 32% with EI to 16% with the hybrid ESI electrolyte. Upon optimizing the electrolyte composition, a 3.3% PCE is reached with the ESI4 electrolyte incorporating a scattering layer, whereas 2.5 % is achieved for a fully transparent device. We also presented the effect of the photoanode's thickness on both PCE and aesthetics, where 4 µm was found to be the best condition balancing the performance (PCE = 2.5%) and transparency (AVT = 75%), with an LUE of 1.87%.

Conclusions and perspectives
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The second approach consisted of dye engineering, where the concept of PPcy dyes was extended to a push-pull concept by incorporating a triphenylamine group, well-known as the "Hagfeldt donor." This dye, denoted as TB336, achieved remarkable performance crossing 4% PCE, with a relatively low concentration of CDCA. One significant outcome of this approach is that the designed dye overcomes, even more, the formation of harmful aggregation, with a PCE of 3.6%

with CDCA free conditions and up to 4.2% with 1/20 (TB336/CDCA). As the field of TPV matures, we expect more promising results from NIR-DSSC. Based on this thesis, a co-sensitization approach between the PPcy dye TB207 (or eventually TB336) with the cyanine dye VG20-C16 represents an apparent approach to boost the PCE. As shown in Figure 97, the absorption of the PPcy-dyes TB207 is blue-shifted compared to the cyanine VG20-C16. A cosensitization between these dyes will allow harvesting a larger portion of the NIR-light in the range of 700-900 nm. As both dyes were proved to exhibit the requirements for color-neutral DSSC, we expect that their combination will result in a fully transparent and color-neutral DSSC with a PCE > 5% with the hybrid sulfur/iodide electrolyte. New technologies emerge from R&D investment as low-volume, intrinsically expensive products.

They rely on economies of scale to reduce production costs, shifting from operator-cost driven to bulk-material and process-cost driven. A critical stage in commercializing a new PV technology is to enter into a niche market by offering innovative service or unique product characteristics that are unattainable by the best alternative (e.g., silicon photovoltaics). Production scale is then expected to increase progressively, thereby lowering specific costs. Thus, to introduce NIR-DSSC technology, we must identify and target niches to create a market pull to advance the onset of the technology. Herein, we refer to the integration requirement chart presented in Figure 99.

Envisaging the targeted application, the optimization of the photovoltaic performance and aesthetic quality can be clarified. We urge the developers to reflect on the end-user needs as the requirements are discussed. While BIPV and tinted architectural glass require a minimum of 50% AVT, electronic displays necessitate AVT > 80%. Electronic smart windows and low-power displays can be powered by 2-5% PCE, while they require high AVT values (> 50%). As On the other hand, my vision regarding the development of new technologies dedicated to harvesting renewable energy is to consider the sustainability and recyclability of the materials.

Even though the DSSC has not yet reached the mass market, with various fields of application, vast quantities of DSSCs could be produced in the future and eventually end up in recycling processes. Applying the circular economy concept, there is now an opportunity to design DSSCs so that they can be easily recycled at the end of their useful life. In the case of the NIR-DSSC developed within the frame of my thesis work, the dyes are organic metal-free molecules. Even though Pt was used as a counter electrode, the research in our group is focusing on polymer-based transparent materials to optimize the technology.
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Abstract

By combining visible transparency and solar energy conversion, transparent photovoltaics (TPV) prompted the interest to fill the gap of applications in which the conventional opaque solar cells are not feasible. In pioneering TPV adoption in practical application, aesthetics is equally important as photovoltaic performances. In this context, average visible transmittance (AVT), color rendering index (CRI), correlated color temperature (CCT), and chromaticity coordinates, along with other colorimetric evaluations, gain a crucial role in the TPV domain. Dye Sensitized Solar Cells (DSSC) have been deemed an interesting technology to achieve efficient energy conversion and the required visual comfort by being wavelength selective to the NIR. The peculiarity of being highly transparent and color-neutral can be achieved by consolidating the capability of harvesting selectively the NIR part of the solar spectrum with a fully colorless electrolyte. The results of this thesis work are divided into three main sections. In the first section, we report the first attempt towards NIR-DSSC through symmetrical cyanine dye coded VG20. This cyanine VG20 dye achieved a power conversion efficiency (PCE) of 3.1% while rendering highly transparent devices with an AVT value of 76%, a 93.6 CRI, and a CCT of 4297 K. The main limitation of higher performances was identified to be the energy transfer from monomer to aggregates. In the second section, the identified limitations were tackled by dye engineering, resulting in novel pyrrolopyrrole cyanine dyes (PPcy). The PPcy dyes showed remarkable performances with PCE > 4% and AVT values > 75%. Finally, the third section investigates different colorless and transparent electrolytes, leading to achieving color-neutral NIR-DSSC with a high CRI of 96 and AVT value of 78%. This thesis work provides future directions to enhance the performances of this non-intrusive NIR-DSSC technology, which positions itself as one of the best TPV systems.

Mots-clés

Photovoltaïque transparent, proche-infrarouge, sélectif en longueur d'onde, incolore, esthétique, cellules solaires à colorant

Résumé en français

En combinant transparence et conversion de l'énergie solaire, le photovoltaïque transparent (TPV) rend possible des applications nouvelles qui ne sont pas réalisables avec des cellules solaires opaques conventionnelles. Pour l'intégration du TPV dans des applications pratiques, l'esthétique est aussi importante que les performances photovoltaïques. Dans ce contexte, la transmittance visible moyenne (AVT), l'indice de rendu de couleur (CRI), la température de couleur corrélée (CCT) et les coordonnées chromatiques, ainsi que d'autres évaluations colorimétriques, jouent un rôle crucial dans le domaine des TPV. Les cellules solaires à colorant (DSSC) ont été considérées comme une technologie intéressante pour obtenir à la fois une conversion énergétique efficace et le confort visuel requis, en étant sélectives en longueur d'onde dans le proche infrarouge (NIR). Les particularités de ces cellules d'être hautement transparente et incolore sont obtenues en consolidant la capacité à convertir sélectivement la partie NIR du spectre solaire avec un électrolyte totalement incolore. Les résultats de ce travail de thèse sont divisés en trois sections principales. Dans la première section, nous rapportons la première tentative vers le NIR-DSSC à travers le colorant cyanine symétrique codé VG20. Ce colorant a atteint un rendement de photoconversion (PCE) de 3,1% tout en étant hautement transparent avec une valeur AVT de 76%, un CRI de 93,6 et un CCT de 4297 K. La principale limitation dans l'amélioration des performances a été identifiée comme étant le transfert d'énergie du monomère aux agrégats. Dans la deuxième section, les limitations identifiées ont été surmontées par ingénierie moléculaire, ce qui a permis de découvrir de nouveaux colorants pyrrolopyrrole cyanine (PPcy). Les colorants PPcy ont montré des performances remarquables avec un PCE > 4% et des valeurs AVT > 75%. Enfin, dans la troisième section différents électrolytes incolores et transparents sont étudiés, permettant d'obtenir un NIR-DSSC de couleur neutre avec un CRI élevé de 96 et une AVT de 78 %. Ce travail de thèse fournit des perspectives futures pour améliorer les performances de cette technologie des NIR-DSSC, qui se positionne comme l'un des meilleurs systèmes TPV.

  .a), the Water and Life Museums and Campus, California, USA (Figure 2.b), the Graz tower in Austria (Figure 2.c), the Xicui Entertainment Complex, Beijing, China (Figure 2.d), the Bordeaux Botanical Gardens, Jourda, France (Figure 2.e), the Konstanz Customer Center, Konstanz, Germany (Figure 2.f) or the dye solar cell façade at SwissTech convention center, Lausanne, Switzerland (Figure 2.g). General introduction | p.15

Figure 2 .

 2 Figure 2. Best-practice BIPV examples. (a) the Heron Tower, London, UK, (b) the Water and Life Museums and Campus, California, USA, (c)the Graz tower in Austria (d) the Xicui Entertainment Complex, Beijing, China, (e) the Bordeaux Botanical Gardens, Jourda, France, (f) the Konstanz Customer Center, Konstanz, Germany, and (g) the dye solar cell façade at SwissTech convention center, Lausanne, Switzerland.

Figure 3 .

 3 Figure 3. Evolution of the certified record power conversion efficiency for each existing technology since 1976. (Source: National Renewable Energy Laboratory -http://www.nrel.gov/pv/; accessed on September 2021).

  photovoltage/photocurrent spectroscopy (IMVS/PS), dark charge extraction experiments, timecorrelated single-photon counting (TCSPC), and ultrafast pump-probe absorption and fluorescence spectroscopy.

Chapter 1 |

 1 p.23 spatial segmentation of many individual solar cells. The work of Franklin et al. in 2007 presents a

Figure 5 .

 5 Figure 5. (a) See-through BIPV modules with different light transparency based on different thicknesses of a-Si/µc-Si thin films. (b) Light-through a-Si/µc-Si thin-films BIPV modules with 20 % transparency.[39] (c) A flexible solar cell module based on spatially segmented silver cells.[40] (d) Sphelar® module based on spherical silicon solar cells.[26] (e) A transparent substrate of a 200-µm-thick c-Si wafer, fabricated with hole-shaped light transmission windows.[41] 

Figure 7 .

 7 b). As aforementioned, wavelength-selective TPV requires molecular-based devices. Organic PV (OPV), luminescent solar cells (LSC), quantum dots solar cells (QDSC), and dye-sensitized solar cells (DSSC) are the main technologies for which the individual molecular electronic structure rules the photon absorption capability, making them suitable technologies for wavelength-selective TPV purposes.

Figure 7 .

 7 Figure 7. (a) Calculated thermodynamic limiting efficiencies for single-junction photovoltaic cell as a function of the optical excitonic gap for transparent and semi-transparent architectures with varied EQE contribution from the visible part of the spectrum. (b) Maximum single-junction efficiencies as a function of the total level of visible transparency in the Shockley-Queisser thermodynamic (closed circles), practical (open triangles), and SQ spatially segmented visibly opaque (closed squares) junction limits. Reprinted from reference [53].

2011,

  Lunt et al. pioneered the field of NIR-selective OPV by their work on a planar heterojunction structure, consisting of C60 as the acceptor and chloroaluminium phthalocyanine (ClAlPc) as the donor, with an absorption peak at 740 nm. With a device of 1.7% PCE and 56% AVT, Lunt's group opened a new door for high-performance-TPV based on OPV technology. By utilizing PBDTT-Chapter 1 | p.28 DPP as a donor and PCBM as an acceptor to form a bulk heterojunction blend as the photoactive layer (sandwiched between two transparent electrodes: top: AgNW-based composite and bottom:

Figure 9 .

 9 Figure 9. Evolution of the solar irradiance as a function of wavelength under A.M.1.5G conditions. Discussing different TPV technologies, we highlight the Luminescent Solar Concentrators (LSCs) that work by decoupling the light-harvesting component and the active solar cells. In other words,

Figure 10 .

 10 Figure 10. (a) Schematic representation of a DSSC and (b) the different charge transfer processes taking place under load and illumination: Dye photo-excitation (1), electron injection (2), electron transport (3), dye regeneration (4), geminate electron recombination(5), and non-geminate electron recombination(6).

Figure 11 .

 11 Figure 11. Semi-transparent DSSC cells and modules. (a) Y1/HSQ5 cocktail cell, reprinted from reference[73] , (b) evolution of color of semitransparent NPI-based module when exposed to natural light, reprinted from reference[74], (c) dual LSC/DSSC device based on D205 dye, reprinted from reference[77], (d) large area DSSC panels fabricated by Solaronix, reprinted from reference[79], and (e) mini-modules fabricated with YKP-88 and N719 dyes, reprinted from reference[81].

  The emergence of transparent photovoltaics (TPV): a state of the art Chapter 1 | p.36 

Figure 12 .

 12 Figure 12. Chemical structure of the squaraine dyes SQ01, SQ02, LSQa, and BSQ01 and the IPCE spectra of SQ01 and SQ02 dyes.[113] 

Figure 13 .

 13 Figure 13. (a) Chemical structure of HSQ5 squaraine dye and its absorption spectrum (compared to SQ1-squaraine and N719-Ru dyes). (b) Chemical structure of VG5 squaraine dye and its absorbance and emission spectra

Figure 14 .

 14 Figure 14. (a) Chemical structure of the squaraine dyes VG1, VG10, and VG12 with their corresponding absorption spectra and (b) HSQ4 dye with its absorption spectrum compared to other squaraine dyes.

Figure 15 .

 15 Figure 15. Chemical structures of the cyanine dyes NK6073, Hepta-4, KFH-3, and MK-245. The absorption spectrum of NK-6037 dye (to the left) is shown in black representing sharp absorption in the NIR region with minimal residuals in the visible part. To the right is a Solaronix-big area-DSSC based on Hepta-4 dye.

Figure 16 .

 16 Figure 16. Schematic representation of the human eye perception of the color of a red object

Figure 17 .

 17 Figure 17. (a) Cross-section schematic of a human eye and schematic view of the retina including rod and cone cells, and (b) Approximate ranges of vision and receptor regimes.

Figure 18 .

 18 Figure 18. Eye sensitivity function V(λ) extracted from CIE 1978 data. V(λ) is equal to unity at 555 nm.

under A.M. 1 .

 1 5G conditions S(λ) (Eq. 1): 𝑨𝑽𝑻 = ∫ 𝑻(𝝀)𝑽(𝝀)𝑺(𝝀)𝒅(𝝀) ∫ 𝑽(𝝀)𝑺(𝝀)𝒅(𝝀)

Figure 19 .

 19 Figure 19. The three main dimensions of an object's color, hue, saturation, and lightness are expressed in three panels. In each panel, one dimension is changing linearly while the other two remain constant.

(

  CIE), which is considered the authority on the science of light and color, standardizes the measurements of color in their CIE color spaces by means of color matching functions and chromaticity diagram. The CIE most used color spaces discussed below are: the CIE 1931 x,y chromaticity diagram, the CIE 1976 u',v' uniform chromaticity diagram (that leads to CIELUV space), and the CIE L*, a*,b* (CIELAB) color space.

Figure 20 .

 20 Figure 20. Illustrative representation of the effect of the windows' CRI value on the color perception.

Figure 21 .

 21 Figure 21. CIE 1931 𝒙 ̅ , 𝒚 ̅ and 𝒛 ̅ color matching functions (CMFs). The 𝒚 ̅ is identical to the eye sensitivity function V(λ).

  𝑍 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆)𝑧̅ (𝜆)

  These test-color samples are defined by their spectral reflectivity βi (λ) and are used in deriving the 1931 CIE tristimulus values of light transmitted by the TPV and reflected by each of the 8 test colors: 𝑋 𝑡 = ∑ 𝑃(𝜆)𝜏(𝜆)𝛽𝑖 (𝜆) 𝑥 ̅ (𝜆) 780 380

Figure 22 .

 22 Figure 22. Power reflectivity of CIE test color samples (TCS) used to calculate the general color rendering index (data afterCIE, 1995) 

Figure 23 .

 23 Figure 23. CIE 1931 (x,y) chromaticity diagram. Monochromatic colors are located on the perimeter, and the white color is located in the center of the diagram.

Figure 24 .

 24 Figure 24. CIE 1976 (u',v') uniform chromaticity diagram calculated using the CIE 1931 2° standard observer

Figure 25 .

 25 Figure 25. A schematic representation of the CIELAB color space.

Figure 26 .

 26 Figure 26. CIE 1931 chromaticity space projecting black body (Planckian) locus (black line).

Figure 27 .

 27 Figure27. Correlated color temperature scale. At lower temperatures, the light is considered warm and reveals a reddish-white, while at higher temperatures, it is attributed as cool light with a bluish appearance.

  values and chromaticity coordinates of CIE standard illuminant A are: X = 109.85; Y = 100.00; Z = 35.58; x = 0.44758; y = 0.40745 For the human visual system, the natural illumination is daylight. For that, the CIE stated: "CIE standard illuminant D65 is intended to represent average daylight and has a correlated color temperature of approximately 6500 K. CIE standard illuminant D65 should be used in all colorimetric calculations requiring representative daylight, unless there are specific reasons for using a different illuminant. Variations in the relative spectral power distribution of daylight are known to occur, particularly in the ultraviolet spectral region, as a function of season, time of day, and geographic location. However, CIE standard illuminant D65 should be used pending the availability of additional information on these variations." [146] The tristimulus values and chromaticity coordinates of CIE standard illuminant D65 are: X = 95.04; Y = 100.00; Z = 108.88; x = 0.31272; y = 0.32903 Chapter 2| p.62

  CIE 1976 a*,b* hue-angle, hab : hab = arctan(b*/a*) Eq.(34) CIE 1976 a*,b* Chroma, C*ab : C*ab = (a*²+b*²) 1/2

  photopic response to optimize a selective near-infrared (NIR) sensitizer based on a polymethine cyanine structure, coded VG20-Cx.

  As previously discussed in chapter 1, cyanine dyes tend to form molecular aggregation. To avoid the formation of such harmful aggregates in solution, chenodeoxycholic acid (CDCA) is introduced in different ratios into the dye solution. At the same time, we also kept the dye solution highly diluted (0.1 mmol/L) to avoid aggregation. Systematical increase of CDCA concentration into VG20-C16-based dye solution has no influence neither on the shoulder amplitude nor on the width of the absorption band (Figure 28.b). This indicates evidence that H-type aggregates are unlikely to form in DMSO/ethanol solvent mixture (1/9 ratio, v/v) at a dye concentration of 0.1 mmol/L.

Figure 28 .

 28 Figure 28. (a) Normalized UV-visible absorption spectrum of VG20-C16 in solution (black curve) and steady-state photoluminescence (red curve) in 1/9 (v/v) DMSO/ethanol solvent mixture (dye concentration 0.1 mmol/L, CDCA concentration 50 mmol/L). (b) Normalized absorption spectra of VG20-C16 dye solution including different concentration of CDCA.

Figure 29 .

 29 Figure 29. Solvatochromic effect observed in VG20-C16 in different solvents. The inset picture shows the visual aspect of the dye solution depending on the solvent.

Figure 30 .

 30 Figure 30. (a) First scan of the cyclic voltammogram recorded for VG20-C8 in the presence of ferrocene as an internal reference. (b) Energetic diagram placing the HOMO and LUMO energy levels of VG20-C8 with respect to the conduction band level in TiO2 and the redox potential of I3 -/I -redox couple.

Figure 31 .

 31 Figure 31. The two lowest energy isomers (cis-and trans-) of VG20 at room temperature.

Figure 32 .

 32 Figure 32. Distribution of the molecular frontier orbitals of VG20 dye based on ADC (2) calculations.

  .a) and the CDCA content in solution (Figure33.b) have no influence on the excited-state dynamics. This result could have been anticipated since the alkyl chain has no contribution to the dye's electronic structure. Secondly, these results highlight the absence of any experimental evidence suggesting that dye aggregation exists in DMSO/ethanol solvent mixture at this concentration.

Figure 33 .

 33 Figure 33. Comparison of PL decay measured by TCSPC of VG20-Cx dye in DMSO/ethanol solvent mixture as a function of (a) the alkyl chain length, (b) the molar ratio of CDCA in solution.

Figure 34 .

 34 Figure 34. (a) Transient absorption spectra of VG20-C16 dye in DMSO/ethanol (1/9) solvent mixture including 500 molar ratio of CDCA (b) derived TA kinetic profiles at various characteristic wavelengths: 585 nm, 760 nm, 840 nm, and 950 nm for two different time scales. The sample was pumped at 810 nm with 89 μJ/cm 2 energy pulse.

  coupling phenomena lead to excited-state splitting. The excitation energy of the resulting dimer depends on the arrangement of the molecular dipole moments. Side-to-side alignment of molecules, and therefore of the molecular dipoles, yields to H-type aggregates. This state is associated with a hypsochromic shifted band attributed to the H-aggregates absorption fingerprint. By contrast, the dye molecules can also pack head-to-tail leading to J-aggregates. It leads to a red-broadening or the appearance of new absorption bands in the red region. Whether a specific dye forms H-or J-aggregates strongly depends on the molecular structure of the dye, solvation, and parameters controlled by the chemisorption process. Although the cyanine molecules are notorious for forming aggregates, the abovementioned results indicate the absence of aggregation in solution when combining DMSO/ethanol (1/9 ratio v/v) solvent mixture and low dye concentration of 0.1 mmol/L is already an important step. However, literature provides us with

Figure 35 .

 35 Figure 35. (a) Transmittance evolution of a 3µm thick TiO2 photoanode and its evolution when sensitized with VG20-C16 dye using a solution based on DMSO/ethanol (1/9 ratio v/v) containing a different ratio of CDCA. The measurement has been carried out in transmission mode without an integration sphere (b) Evolution of the normalized absorption spectra calculated from the transmittance curve. The shaded grey area represents the human's eye photopic response. A picture depicting the evolution of the photoanode's coloration for a 10 µm thick electrode is showed in inset.

Figure 37 .

 37 Figure 37. (a) Evolution of the (J-V) curve recorded under A.M.1.5G conditions of VG20-C16 based DSSC as a function of Li + concentration in the electrolyte. (b) IPCE spectrum of VG20-C16 based-DSSC with triiodide/iodidebased electrolyte including 1 M of LiTFSI.

  IPCE spectrum of VG20-C16-based DSSC with the optimized conditions (50 mmol/L of CDCA in dye solution and 1 mol/L of LiTFSI in the electrolyte) presented in Figure 37.b shows a maximum of 60 % at 850 nm. The integration of the IPCE leads to a Jsc value of 11.6 mA/cm 2 , thus is good consistency with the recorded value measured with the sun simulator. Although the 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0

  .bd). Whereas C8 and C16 behave very comparably in terms of electron lifetime and transport time, reducing the number of carbon to C2 leads to a shortening of electron lifetime by ca. one order of magnitude and the transport time to a lesser extent. The charge collection efficiency (ηcc), expressed as the time ratio between the electron lifetime and the sum of electron lifetime and transport time is enhanced by extending the length of the alkyl chain from ηcc = 70% for C2 to ηcc = 80% for C8 and C16. These results suggest, in agreement with previous literature, that longer alkyl chain length helps to repel tri-iodide species from TiO2 surface, therefore to prolong the electron lifetime. Additional charge extraction experiments in dark conditions provide an indication that shallow traps energy is affected by the alkyl chain length without modifying their distribution (Figure 38.d). This result highlights that the interfacial dipole moment of the dye to the TiO2 surface is modified as a result of a different arrangement of the dye packing in the selfassembled monolayer. The gain of 15 mV photovoltage is thus the result of the combination between the one order of magnitude longer electron lifetime (+ 59 mV expected) and 40 mV energy downshift of the traps. Chapter 3| p.80

Figure 38 .

 38 Figure 38. (a) Evolution of the (J-V) curve under A.M. 1.5G conditions of VG20-Cx -based DSSC as a function of the alkyl chain length (b)evolution of the electron lifetime by IMVS, (c) evolution of transport time deduced by IMPS spectroscopy, and (d) dark charge extraction measurements.
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Figure 39 .

 39 Figure 39. (a) Evolution of UV-visible transmittance spectrum of VG20-C16 -photoanode sensitized at different temperatures (RT in red, 4°C in light blue, and -20°C in dark blue). (b) Evolution of the (J-V) curve under A.M. 1.5G conditions or under darkness of VG20-C16-based DSSC as a function of the sensitization temperature.Table5. Cell characteristics depending on the sensitization temperature VG20-C16-based DSSC.

Figure 40 .

 40 Figure 40. Effect on the sensitization temperature on (a) electron lifetime, (b) transport time, and (c) distribution of shallow states deduced from IMVS/IMPS and charge extraction techniques, respectively, for VG20-C16-based DSSC.

  Photovoltage (V)

Figure 41 .

 41 Figure 41. Evolution of the device characteristics upon shelf-life aging for VG20-C16 DSSC (room-temperature sensitization) either using DMSO/ethanol (in red) or DMSO/DCM (in black).

Figure 42 .

 42 Figure 42. Optical assessment of NIR-DSSC devices based on a 2 µm thick TiO2 photo-anode sensitized with VG20-C16 dye in a solution containing different CDCA concentration. The electrolyte is based on inert acetonitrile. (a) Evolution of the device transmittance (the shaded grey area represents the human eyes photopic response), (b) evolution of x,y coordinates in CIE 1931 color space diagram.

  Photopic response

Figure 43 .

 43 Figure 43. Comparison of total cell transmittance measured using an integration sphere between a reference cell (Ref EI) without dye and with the optimized electrolyte composition (red curve) and VG20-C16 based NIR-DSSC (black curve). The photo-anode thickness for each cell is 2.0 µm. A picture depicting the aspect of the resulting NIR-DSSC is also provided.

  To better understand the processes limiting the performances of VG20-C16 -based NIR-DSSC, dye regeneration and electron injection kinetics have been studied using either picosecond pump or femtosecond pumpoptical probe transient absorption spectroscopy. The picosecond study has been performed at LRCS and in part collaboration with Dr. Iva Dzeba (post-doctoral fellow at LRCS). The femtosecond study has been carried out in collaboration with Ilias Nikolinakos (Ph.D. student) and Prof. Stefan Haacke from IPCMS laboratory in Strasbourg, within the frame of the ANR VISION-NIR project.

Figure 45 depicts

 45 Figure 45 depicts the dye regeneration kinetic evolution depending on the electrolyte composition, i.e., either for I3 -/I -redox mediator (Figure 45.a) or for a redox couple-free inert electrolyte including 1 mol/L of LiTFSI (Figure 45.b). VG20-C16 radical cation absorbs in the visible range

Figure 45 .

 45 Figure 45. Time-resolved transient absorption spectrum recorded on a streak camera of the VG20-C16 based DSSC for (a) I3 -/I -redox couple in the electrolyte (b) no redox couple (inert electrolyte). The devices were pumped at 830 nm with E830 nm ≈ 0.18 mJ/cm 2 .

Figure 46 .

 46 Figure 46. Transient absorption kinetic of VG20-C16 based DSSC probed at 650 nm: (a) in the presence of I3 -/I -redox couple and (b) with an inert redox-free electrolyte.

Figure 47

 47 shows the differential absorption spectra obtained in an average-representing data set characteristic for TiO2 and non-injecting ZrO2 devices. The transient absorption kinetics are presented for selected wavelengths representative of the steady-state absorption (SSA) and steady-state emission (SSE) contribution (Figure48). These spectra are characterized by a prominent excited state absorption (ESA) peaking at 580 nm, which, unlike for the data obtained in solution, decays rapidly within 25 ps leaving behind a broad, redshifted absorption with a maximum at 660 nm and a long tail spanning the visible part of the spectrum (cf. 100 ps delay). Such a residual long-lived signature is assigned to the absorption of the VG20-C16 radical cation (VG20 •+ ) in good agreement with the transient spectra measured with Streak camera in our picosecond TAS setup (Figure 45-46).

Figure 47 .

 47 Figure 47. Transient spectra of VG20-C16 -based DSSC with the dye anchored on (a) injecting TiO2 nanocrystals (b) non-injecting ZrO2 nanocrystals. The devices were pumped at 800 nm with an energy of 90 µJ/cm 2 .

Figure 48 .

 48 Figure 48. Normalized TA kinetic traces of VG20-C16-based devices using injecting TiO2 nanocrystals detected at various wavelengths and in two different time windows. 650 nm: ESA and cation absorption maximum, 780 nm: highenergy GSB portion dominated by aggregates, 880 nm: maximum of GSB and SE, 975 nm: SE, and absorption of free electrons in TiO2 (> 50 ps). Traces are vertically shifted by 0.2 units for clarity; dash-dotted lines indicate the zerosignal level. The slow rise in the 780 nm trace is due to monomer-to-aggregate energy transfer, occurring dominantly on a ≈0.4 ps time scale. The fast SE decay (975nm) and the slow ESA decay (650 nm) do not match because, in the latter, the rise of dye cation absorption retards the signal decay.

Figure 49 .

 49 Figure49. TA kinetic profiles of VG20-C16-based DSSC on ZrO2, probed at various wavelengths: 575 nm, 760 nm, 880 nm, and 975 nm, in two different time windows. The devices were pumped at 800 nm with 90 μJ/cm 2 pulse energy.

  shows kinetic traces obtained by averaging seven TiO2-based and three ZrO2-based devices. Selected wavelengths represent the monomer ESA (A), dye radical cation absorption (B), the low-energy GSB band (C), and SE (D). The prominent long-time signal for TiO2 is due to the VG20-C16 radical cation absorption (580 and 650 nm) and incomplete GSB recovery (880 nm). Note a small positive absorption in the SE trace of TiO2 (λ ≈ 975 nm), most likely due to absorption by free carriers in TiO2 or to a near-IR tail of the radical cation absorption. Chapter 3| p.95

Figure 50 .

 50 Figure 50. Comparison of normalized transient absorption kinetic profiles for VG20-C16-based DSSC using either ZrO2 nanocrystals or TiO2 nanocrystals at (a) 570 nm (ZrO2) and 585 nm (TiO2), (b) 640 nm (ZrO2) and 650 nm (TiO2), (c) 860 nm (ZrO2) and 880 nm (TiO2) and (d) 960 nm (ZrO2) and 975 nm (TiO2). All DSSC devices were pumped at 800 nm with 90 µJ/cm 2 . The kinetics are averaged over 7 samples for TiO2 and 3 samples for ZrO2. Error bars indicate the standard statistical error.

Symmetrical

  VG20 cyanine dye: From a proof of concept to an efficient and transparent NIR-DSSC Chapter 3| p.97 it displays very similar SE, ESA and GSB recovery, though with a shorter lifetime than VG20-C16 in solution (Figure 33-34).

Figure 51 .

 51 Figure 51. Wavelength-dependent amplitude of VG20-C16-based devices including (a) injecting TiO2 nanocrystals (b) non-injecting ZrO2 nanocrystals.

Figure 52 .

 52 Figure 52. Structures of pyrrolopyrrole cyanines used as electron donors in combination with C60 fullerene in OPV systems.

  Chapter 4 | p.103 highly electron acceptors. The nature of the hindered units at position 2 placed on the pyrrolopyrrole cyanine core also plays an essential role in providing sufficient solubility of the PPcy molecules. Moreover, substituting an electro-deficient group, such as pyridine, by an electron-rich unit such as benzothiazole at position 1 results in a bathochromic shift of the absorption band.

Figure 53 .

 53 Figure 53. The general structure of pyrrolopyrrole cyanine dyes (PPcy) showing the diversity of possible chemical modifications.

Figure 54 .

 54 Figure 54. From left to right: Structure, HOMO frontier orbitals, LUMO frontier orbitals, and electron density difference (EDD) (S0-S1) representation for TB144 (top) and TB207 (bottom) dyes. On the EDD, the blue and red regions represent regions of decrease and increase of electronic density upon excitation, respectively.Table12. Maximum absorption wavelength, nature of the electronic transition, and the HOMO and LUMO levels calculated for the PPcy dyes TB144 and TB207 by DFT and TD-DFT computational analyses.Transition λmax (nm) HOMO (eV) LUMO (eV)

Figure 55 .

 55 Figure 55. Dye structure and repartition of electronic density in the HOMO and LUMO frontier orbitals for the thienyl-PPcy dyes TB179 and TB202.

Scheme 4 .

 4 Scheme 4. Starting from molecule A: synthesis of the thienyl-PPcy dyes TB179 and TB202.

Figure 56 .

 56 Figure 56. Cyclic Voltamperogram of TB114 (red), TB179 (purple), TB207 (green) and TB202 (blue) recorded in DMF solution with TBAPF6 supporting salt (0.1 mol/L) and at a scan rate of 100 mV/s. The potentials are referenced to SCE.

Scheme 5 .

 5 Scheme 5. Energetic diagram placing the HOMO and LUMO energy levels of PPcy dyes compared to VG20 with respect to the conduction band level in TiO2 and the redox potential of I3 -/I -redox couple. HOMO and LUMO were calculated such as : HOMO = -(Eox -EFe + 4,8) and LUMO = HOMO + E00 (E00 is the optical band gap).

Figure 57 .

 57 Figure 57. Normalized UV-vis absorption spectra of the PPcy and thienyl-PPcy dyes TB144 (red), TB207 (green), TB179 (purple), and TB202 (blue) in CHCl3/ethanol solvent mixture (1/9 ratio v/v). The shaded grey area represents the photopic response.

Figure 59 .

 59 Figure 59. Comparison of PL decays measured by TCSPC for (a) PPcy and thienyl-PPcy dyes in CHCl3/ethanol (1/9 v/v) solvent mixture. The black scatter represents the IRF. (b) VG20-C16 cyanine dye (in black) and TB207 PPcy dye (in green).

  p.115 v/v). Taking into consideration the studied sensitizers' potentials, we kept the electrolyte composition as the one optimized for the cyanine VG20-C16 dye (1 mol/L DMII, 1 mol/L LiTFSI, and 30 mmol/L I2 in a solvent mixture of 85/15 of acetonitrile/valeronitrile).

Figure 60 .

 60 Figure60. Evolution of J-V curves as a function of the dyes with no de-aggregating agent in the sensitizing solution.

Figure 61 .

 61 Figure 61. J-V curve evolution for TB207-based DSSC as a function of CDCA concentration

Figure 62 .

 62 Figure 62. Evolution of J-V curves at the optimized CDCA concentration of the different PPcy and thienyl-PPcy dyes: TB144 (red), TB207 (green), TB179 (purple), and TB202 (blue).

For a more detailed

  understanding of the structural modification effect on the photovoltaic performances, intensity-modulated photovoltage/photocurrent spectroscopy (IMVS/PS) and dark Chapter 4 | p.118 charge extraction experiments were performed for the PPcy and thienyl-PPcy dyes in their optimized conditions.

Figure 63 .

 63 Figure 63. (a) Evolution of (a) electron lifetime deduced from IMVS, (b) transport time deduced from IMPS, and (c) dark charge extraction measurements on NIR-DSSC based on the PPcy and thienyl-PPcy dyes TB144 (red), TB207 (green), TB179 (purple) and TB202 (blue).

Photovoltage 121 Scheme 6 .

 1216 Photovoltage (V)

Figure 64 .

 64 Figure64. UV-vis absorption spectra of EI and B1 electrolytes in acetonitrile. The inset shows a magnified view of the spectra highlighting the band attributed to I3 -absorption.

Figure 65 .

 65 c, which leads to charge extraction efficiencies of 92 and 81 % for B1 and EI -based devices, respectively. The additional dark charge extraction experiment (Figure 65.d) suggests that the trap energies are not drastically affected by the different electrolytes, which implies almost no change in the surface states below the conduction band of TiO2 nanoparticles upon the variation

Figure 65 .

 65 Figure 65. (a) J-V curves of TB207 PPcy DSSC with the conventional iodine electrolyte EI (blue) and the interhalogen binary electrolyte B1 (red) (b) electron lifetime evolution measured by IMVS, (c) electron transport time measured by IMPS, and (d) dark charge extraction measurements on TB207-DSSC with E1 and B1 electrolytes.

  Photovoltage (V)

Figure 66 .

 66 Figure 66. Evolution of (a) Jsc, (b) Voc, (c) FF, and (d) PCE under shelf-life aging conditions for TB207 DSSC (room temperature sensitization) either using EI (in red) or B1 (in blue) electrolytes. VG20-C16 stability is added in black for comparison.

Figure 67 .

 67 Normalized absorption spectra of TB207 on 3µm thick TiO2 film with 5 mmol/L of CDCA (red) along with that in solution (black). The shaded grey area represents the human photopic response.Monomer-to-aggregate energy transfer is identified to be one important loss channel reducing the charge injection yield in the case of VG20-C16 dye. Femtosecond up-conversion fluorescence and transient absorption spectroscopy measurements were combined to evaluate the ultrafast dynamic of TB207-based NIR-DSSC. This work was carried out in collaboration with Ilias Nikolinakos and Prof. Stefan Haack at IPCMS within the frame of the VISION-NIR ANR project. Femtosecond transient absorption spectroscopy measurements in solution reveal the transient products subsequently to light excitation (Figure 68.a). The positive signal between 440-720 nm

Figure 68 .

 68 Figure 68. Transient absorption spectra of TB207 PPcy dye in (a) solution of CHCl3/ethanol (1/9), (b) in DSSC based on TiO2 photoanode with 5 mmol/L CDCA, and (c) in non-injection Al2O3 DSSC. Excitation at 730 nm. Excitation energy is 20µJ/cm².

Figure 69

 69 Figure 69 displays the wavelength-averaged and normalized fluorescence kinetic traces of complete DSSC devices with EI electrolyte with TB207 grafted on TiO2 (blue), and Al2O3 (green), and of TB207 in an CHCl3/ethanol (1/9) solution (red) recorded with 0.2 ps time resolution. The lifetime of TB207 in solution is found to be 3.11 ns as measured by TCSPC. Both the TiO2 and Al2O3 DSSC kinetics are strongly quenched compared to solution and fully decay in the 1 ns time window. The fluorescence of TB207 anchored on the semiconductor is dominated by monomer emission, with the excited state quenching being due to monomer-to-aggregate ET for the Al2O3

Figure 69 .

 69 Figure 69. Normalized fluorescence up-conversion kinetic traces, with the respective fitting curves as solid lines, averaged over the fluorescence spectrum of TB207 in CHCl3/ethanol (1/9) (red), 0 mM CDCA Al2O3 DSSC (green), and 5 mM CDCA TiO2 DSSC (blue). The samples were excited at 730 nm with 20 μJ/cm 2 fluence. Note the break in the time axis. Log. scale after 20 ps.

  using a ps pump-probe transient absorption spectroscopy associated with a streak camera for spectral and temporal resolution (at LRCS). The TB207 radical cation absorbs in the visible region between 530 to 680 nm (Figure 70). The related transient decay corresponds to the dye radical cation depopulation upon a 30 ps pump pulse at 785 nm is studied for the two optimized electrolytes, EI and B1, and inert electrolyte. Chapter 4 | p.130

Figure 70 .

 70 Figure 70. Time-resolved transient absorption spectral streak image of the TB207 based DSSC in 2 µs time-window for (a) the I3 -/I -redox couple, and (b) the binary (I3 -, I2Br -)/(I -, Br -) redox couple.

Figure 71 .

 71 Figure 71. Transient absorption kinetics of the TB207 based DSSC at 650 nm in the presence (a) the I3 -/I -redox couple (EI), and the binary (I3 -, I2Br -)/(I -, Br -)redox couple (B1) in a 10 µs timescale window and (b) B1 electrolyte in a 50 µs timescale window.

f1 = 65 %

 65 , and τ2= 0.87 ms (±0.05 ms) (f2 = 35 %) (Figure72). A simple method of evaluating the dye regeneration efficiency Φreg is based on the average rates of dye radical cation regeneration <kreg>, and geminate recombination decay <krec>: Φreg = <kreg> / (<kreg> + <krec>)The measured kinetics reveals a <kreg> = 1.031 µs -1 and <krec> = 2.78 10 -3 µs -1 , which means a dye regeneration efficiency Φreg = 99.7 %. Even though the geminate recombination kinetics of TB207 are faster than those measured for VG20-C16 cyanine dye (0.94 ms ±0.02 ms), it remains fast enough compared to the two orders of magnitude faster regeneration, thus allowing devices to reach quantitative regeneration yields with this new family of dyes for both electrolyte compositions.

Figure 72 .

 72 Figure 72. (a) Time-resolved transient absorption (a) spectral streak image of the TB207 based DSSC in 2 µs timewindow for inert electrolyte to show the long-lived species, and (b) kinetics of the TB207 based DSSC at 650 nm in inert electrolyte. The full decay is measured in the 5 ms time-window.

8 %

 8 transparent and colorless DSSC application with negligible absorption in the visible region. The optimization of these dyes yielded a new record for NIR-DSSC with TB207 dye achieving a 3.PCE with I -/I3 redox couple, whereas the highest performances achieved for TB144, TB179, and TB202 were < 1.5%. We also highlighted the importance of the phenyl group instead of the fluorine on the boron atom, which serves as a barrier against the non-geminate recombination process and helps in forming a less-aggregated self-assembled monolayer. The outcome of the different characterization methods applied in this study on the different PPcy structures is p.133 summarized in the following and in Figure73: the substitution of phenyl (highlighted in pink) by thienyl (highlighted in blue) groups on the cyanine core results in i) redshifted absorption maximum (ca. 30 nm), ii) shortened PL lifetime in solution from ca. 3 ns to ca. 1 ns, iii) shortened electron lifetime which is attributed to more non-geminate recombination, and iv) affected SAM due to different aggregation level and thus different molecular packing on the TiO2. On the other hand, the substitution of fluorine (highlighted in red) by phenyl group (highlighted in green) on the boron position results in i) redshifted absorption maximum (ca. 45 nm), ii) enhanced electron lifetime as a result of less non-geminate recombination, iii) downshifted surface trap states of TiO2 due to different SAM layer, and iv) less aggregated molecules both in solution and on TiO2. The combination of the phenyl group on both the cyanine core and on the boron position yields to the optimized structure of the presented PPcy dyes, which corresponds to TB207 dye.

Figure 73 . 5 Chapter 5| p. 136 Chapter 5 .

 7351365 Figure 73. Representation of the different molecular structure modifications on the PPcy dyes resulting in TB144, TB207, TB179, and TB202, with their main outcome. The kinetic study carried on TB207 by femtosecond fluorescence and transient absorption spectroscopy confirmed the enhancement of the injection efficiency to 60-70 % compared to 30%

Figure 74 .

 74 Figure 74. J-V curve of TB207-based NIR-DSSC with [Co(phen)3] 3+/2+ -based electrolyte under A.M. 1.5G conditions.

Figure 75 .

 75 Figure 75. (a) Comparison of the transmittance spectrum of TB207-based NIR-DSSC with a 4 µm-thick TiO2 photoanode with either EI (red) or ECo (black) electrolyte. The shaded grey area represents the photopic response. (b) the chromaticity diagram of these devices in the CIE1931 color space. The white point is the equal-energy point.

Figure 77 .

 77 Figure 77. Mass spectrometry in positive ion mode of Sn 2-/S 2-electrolyte. The black and green symbols are referred to the difference of 32u, indicating the polysulfide chains present in the electrolyte.

Figure 78 .

 78 Figure78. Cyclic voltamperogram at 100 mV/s scan rate of the Sn 2-/S 2-with I -hybrid redox couples in acetonitrile. The working electrode was a glassy carbon, Pt wire counter-electrode, and Ag + /Ag quasi-reference electrode. The electrolyte contains 0.01 M of tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting salt.Upon optimization of the ratio between the sulfide and iodide in our electrolyte (further discussion below), the hybrid Sn 2-/S 2-and I -electrolyte was formed by mixing the 0.02 mol/L of polysulfide (Sn 2-/S 2-) with the organic tetramethylammonium cation, 1 mol/L of 1,3-dimethylimidazolium iodide (DMII) and 0.5 mol/L of lithium iodide (LiI). It yields to a colorless and transparent electrolyte (coded ESI) (Figure79.a). The absorption fingerprint of the conventional I3 -/I - electrolyte (EI) exhibits a main absorption band at 362 nm in the UV with a tail in the blue region (<500 nm), where the humans' cones are less sensitive. The absorption spectrum of the hybrid electrolyte shows negligible absorption in the whole UV and visible region. The advantage of the color neutrality of ESI on the optical transparency of the NIR-DSSC was validated by the total transmittance measurements of reference devices of the following structure: FTO glass / 2 µm

Figure 79 .

 79 Figure 79. Comparison between EI and the hybrid ESI electrolyte from (a) Steady-state absorption spectrum (in the inset is showed a picture of the two electrolytes) (b) Total transmission curve of the following device structure: FTO glass / 2 µm TiO2 / electrolyte/ FTO glass (TiO2 is not sensitized), (c) CIE 1931 chromaticity diagram positioning the actual color of the reference devices.

Figure 80 .

 80 Figure 80. Evolution of the (J-V) curves for TB207-based NIR-DSSC with different compositions of the hybrid Sn 2-/S 2 and I -electrolyte.

As a part of

  understanding the behavior of this new type of electrolyte for the application, we compared the IMVS, IMPS, and dark charge extraction experiments between the standard EI electrolyte and the best performing ESI4 electrolytes (Figure 81). A longer electron lifetime is measured with ESI4 electrolyte (Figure 81.a). We attribute this to the reduction of I3 -species in the electrolyte by the S 2-, and thus decreasing the amount of the oxidized species in the electrolyte that can undergo recombination with the injected electrons. Moreover, the presence of the TMA + cation in the electrolyte can play a role in hindering the non-geminate recombination between the Chapter 5 | p.145 I3 -and Sn 2-species in the electrolyte and the injected electrons in TiO2. The electron transport time, measured by IMPS, is only slightly affected (Figure 81.b

Figure 81 .

 81 Figure 81. Comparison between EI (blue) and ESI4 (black) electrolyte on (a) the electron lifetime, (b) transport time, and (c) surface states distribution and energetics in TiO2.

A concentration of 5

 5 photo-anode, respectively. The calculated absorbance spectra from the total transmission measurements show that while increasing the thickness of TiO2 films, we certainly increase the film's optical density, but without favoring the formation of more aggregates. This can be concluded from the direct comparison between the ratio of the main absorption band at 770 nm and the shoulder at ca. 700 nm (Figure82.b).

Figure 82 .

 82 Figure 82. (a) Total transmittance spectra of full devices employing different TiO2 thicknesses sensitized with TB207 dye including EI electrolyte (dotted lines) and with SiO2 ARC deposited on both external sides of the devices (lines). (b) Normalized absorbance spectra of full devices employing different TiO2 thicknesses with EI electrolyte The shaded area in grey represents the human eyes' photopic response.

Figure 83 .

 83 Figure 83. (a) Comparison of (J-V) curves of TB207-based NIR-DSSC using different TiO2 thicknesses, 2 µm in blue, 4 µm in red, and 6 µm in black. (b) LUE evolution as a function of AVT for different TiO2 thicknesses.For a quantitative color perception, we calculated the CIE 1931 x,y chromaticity coordinates, CRI, CCT values and determined the dominant wavelength and the color purity of the full device incorporating both EI and ESI4 electrolytes and different TiO2 thicknesses. As for AVT, the TiO2

Figure 84 .

 84 Figure 84. 1931 CIE chromaticity diagram showing the shift towards the white point (AM 1.5G in this case) when decreasing the thickness of TiO2 film in the TB207-based DSSC with EI electrolyte.

  Chapter 5 | p.149 

  Figure 85.a shows the evolution of the transmittance spectra of TB207-based NIR-DSSC in the presence of ESI4 electrolyte and as a function of different TiO2 thicknesses (2, 4, and 6 µm). Increasing the latter induces an AVT decrease from 78 % for 2 µm to 75% with 4 µm and 68 % with 6 µm thick photo-anode. The AVT values calculated with the colorless hybrid electrolyte (ESI4) are not different from those evaluated with the tri-iodide/iodide redox couple (EI). However, the color parameters are significantly affected.

Figure 85 .

 85 Figure 85. (a) Evolution of the transmittance spectra of TB207-based NIR-DSSC incorporating different TiO2 thicknesses, 2 µm (blue), 4 µm (red), and 6 µm (black) with ESI4 electrolyte. (b) 1931 CIE chromaticity diagram showing the shift towards the white point (AM 1.5G in this case) when decreasing the thickness of TiO2 film in the TB207-based DSSC with ESI4 electrolyte.

  Figure 86. (J-V) curve of a fully transparent 4 µm NIR-DSSC based on TB207 dye and ESI4 electrolyte under A.M.1.5G conditions

  Chapter 5 | p.152 

Figure 87 .

 87 Figure 87. Picture of full TB207-DSSC with a 4 µm TiO2 incorporating EI electrolyte (left) and ESI4 electrolyte (right).

  52 µs). This fast half-time is in part related to the driving force for the hole transfer, in other words, on the redox potential of the mediator. Similar experiments were performed with the optimal ESI4 electrolyte following rigorously the same conditions. The streak images, in the 2 µs timescale, show a very comparable transient fingerprint corresponding to the TB207 dye radical cation (Figure 88.a,b). The fit of the exponential decay obtained at 650 nm when ESI4 electrolyte is used shows two components: τ1= 0.20 µs (±0.03 µs) and τ2= 1.92 µs (±0.15 µs) (Figure 88.c). These lifetimes are similar or slightly faster than the reference electrolyte based on I3 -/I -, which therefore suggests that Sn 2-/S 2-does not affect the dye regeneration kinetic. We propose the following mechanism of reactions of different species in the hybrid electrolyte as inspired by the original work of Sun et al.

Figure 88 .Figure 89 .

 8889 Figure 88. Time-resolved transient absorption Streak image of the TB207-based NIR-DSSC in 2 µs time window for (a) the I3 -/I -redox couple (EI electrolyte), and (b) the hybrid Sn 2-/S 2-and I -(ESI4) electrolyte. (c) Transient absorption kinetic measured at a probed 650 nm wavelength for ESI4 electrolyte.

Figure 90 .

 90 Figure 90. Electronic repartition on the HOMO and LUMO levels of TB336 dye obtained by DFT and TD-DFT calculations. The calculated values of HOMO and LUMO are also reported.

Figure 91 .

 91 Figure 91. (a) Normalized absorption spectra of TB336 and TB207 dyes in chloroform/ethanol (1/9) solvent mixture. The shaded grey area represents the human's eye photopic response (b) PL decay of TB336 dye in solution with an excitation wavelength of 640 nm and emission wavelength of 780 nm.

Figure 92 .

 92 Figure 92. 2D contour plot of the excitation/emission map of TB336 dye in CHCl3/ethanol (1/9 v/v) solution.

Figure 94 .

 94 Figure 94. (a) Comparison of the (J-V) curve of TB336-based DSSC with either EI (orange) or ESI4 (yellow) electrolytes. (b) Transmittance spectrum of TB336-DSSC with a 4 µm-TiO2 and ESI4 electrolyte. SiO2 ARC is deposited on both external sides of the device.

Figure 95 .

 95 Figure 95. CIE1931 x,y chromaticity diagram with the position of TB207-based DSSC (green point) and TB336based DSSC (dark yellow point) with ESI4 electrolyte. The white point is the equal energy point. In the inset is the color perceived from the dominant wavelength calculated for each device. The picture on the right is for the TB336-DSSC used in this evaluation (4 µm TiO2 and ESI4 electrolyte).

Figure 96 .

 96 Figure 96. Evolution of (a) Jsc, (b) Voc, (c) FF, and (d) PCE of TB207 (green) and TB336 (yellow) -DSSC with EI electrolyte under shelf-life ageing conditions.

  CDCA free conditions and up to 4.2% with 1/20 (TB336/CDCA). A fully transparent DSSC with a 4 µm TiO2 sensitized with TB336 achieved 3.2% with the conventional EI electrolyte and a 3.4% with the colorless ESI4 one. With an excellent CRI value of 94, an AVT of 74%, a low color saturation of 19%, and an enhanced shelf-life stability, TB336-based DSSC represents so far the best solution to reach highly transparent, colorless, and efficient selective-NIR DSSC. Chapter 5| p.163 | p.164Conclusions and perspectives| p.165 

  photocurrent, 10% losses in the SQ fill factor and 20% loss in SQ photovoltage), approaching conventional PV technologies commercially available today, with almost none of the visible absorption. Moreover, TPV characterization is more than PCE, as aesthetics are equally important.

  aggregating agent and up to 4% when optimized with the proper CDCA concentration and electrolyte composition. The kinetic study carried on TB207 by femtosecond fluorescence and transient absorption spectroscopy confirmed the success of increasing the injection efficiency to 60-70 % compared to 30% to the cyanine dye VG20. The results suggest that even the monomerto-aggregate energy transfer is happening in a 55 ps timescale, aggregates are believed to contribute to carrier injection and thus to Jsc.Moreover, the PPcy TB207 dye showed fast dye regeneration kinetics with the triiodide/iodide redox couple, with τ1= 0.38 µs (±0.018 µs) and τ2= 2.52 µs (±0.16 µs). These values are faster than those reported for conventional dyes and VG20-C16 cyanine dye. As such, quantitative regeneration yields are achieved within the TB207-based DSSC.

  A fully transparent DSSC with a 4 µm TiO2 sensitized with TB336 achieves 3.2% with the conventional EI electrolyte and a 3.4% with the colorless ESI4 one. With an excellent CRI value of 94, an AVT of 74%, a low color saturation of 19%, and enhanced shelf-life stability, TB336-based DSSC paves the way for highly transparent and colorless efficient DSSC, based on the NIR-selective light conversion. Such achievement credibly places the NIR-DSSC based on the PPcy dyes TB207 and TB336 as one of the best TPV technologies.

Figure 97 .

 97 Figure 97. (a) normalized absorption spectra of TB207 and VG20-C16 in solution. (b) total transmittance spectra of full NIR-DSSC with EI electrolyte incorporating a 4 µm thick TiO2 based on TB207 (green) or VG20-C16 (red).

  Figure 98 the literature on wavelength-selective TPV technologies, highlighting our work as the red star. For AVT values > 60%, our NIR-DSSC based on the PPcy dye TB336 comprises one of the best outcomes in terms of LUE compared to other technologies. This work opens up new scientific and technological directions for the field of transparent PV, filling the gap between OPV having high performances with relatively lower AVT in the range of 50 % and LSC reaching above

Figure 98 .

 98 Figure 98. (a) PCE vs. AVT and (b) LUE vs. AVT for wavelength-selective TPV technologies reported in the literature. The red star corresponds to the best outcome of my thesis work with NIR-DSSC based on TB336 PPcy dye and hybrid sulfur/iodide electrolyte.

Figure 99 .

 99 Figure 99. PV integration requirement as a function of PCE and AVT. The red star corresponds to the best outcome of my thesis work with NIR-DSSC based on TB336PPcy dye and hybrid sulfur/iodide electrolyte.Reproduced from reference[24].

  

  

  

  

  

  

  Chapter 1 | p.27 potentiality to end up with UV-selective, transparent solar cells. The first demonstration of perovskite-based TPV devices was reported by Liu et al. in 2018, with either MAPbCl3 (Eg = 3.04 eV) or MAPbCl2.4Br0.6 (Eg = 2.83 eV) compositions.

  were then removed by dichloromethane (DCM). Finally, recrystallization in acetonitrile was performed, and once all the precipitate was dissolved, a few drops of acetic acid were added to protonate the carboxylic moieties completely.

formation (Step 1 in Scheme 1). All the symmetrical cyanine dyes were synthesized in a one-step reaction under microwave (MW) heating by reacting two equivalent of quaternary heterocyclic salts 2 with the Vilsmeier-Haack reagent 3 in the presence of potassium acetate and ethanol. The brownish solid in the reaction mixture was filtered and washed with diethyl ether. Unreacted Chapter 3| p.68 potassium acetate crystals Scheme 1. Synthesis procedure of the VG20-Cx cyanine dyes. The experimental conditions: (i) anhydrous acetonitrile, iodoalkane, MW, 40 min, 155°C; (ii) potassium acetate, absolute ethanol, MW, 10 min, 120°C.

Table 1 .

 1 

		Abs. wavelength (nm)	Electronic states	Oscillator strength
	I	832	HOMO-LUMO (94%)	1.55
	II	458	HOMO1-LUMO (84%)	0.06
	III	386	HOMO2-LUMO (90%)	0.12

Computed vertical excitation energy, transition type, and oscillator strength of VG20 dye in vacuum. All calculations have been performed using the TURBOMOLE software package. The geometry of the ground state of the dye has been optimized at MP2 level with the def2-TZVP basis set. The vertical excitation energy has been computed with the ADC(2) method using the same basis set.

Table 2

 2 

	λ (nm)	A	1	τ 1	(ps)	A	2	τ 2	(ps)
	585	-15%	4.2	100%	410
	760	-3%	2.6	100%	358
	840	-10%	1.1	100%	323
	950	-15%	0.9	100%	353

. Transient absorption kinetic parameters for VG20-C16 in DMSO/ethanol (1/9) solvent mixture obtained by femtosecond transient absorption spectroscopy

Table 3

 3 

	[Li	+ ]	V

. Cell characteristics depending on the lithium concentration in the electrolyte for VG20-C16-based DSSC (electrolyte composition is 1 mol/L DMII, 0.03 mol/L I2, and different concentrations of LiTFSI in acetonitrile/valeronitrile solvent mixture (85/15 v/v).

oc (mV) J sc (mA/cm 2 ) Fill factor PCE (%) 0.1 mol/L

  

		395	5.5	0.66	1.6
	0.25 mol/L	375	8.4	0.58	1.9
	0.5 mol/L	368	9.6	0.56	2.2
	1.0 mol/L	347	12.1	0.58	2.5

Table 4 .

 4 Cell characteristics depending on the alkyl chain length of

VG20-Cx based DSSC. Alkyl Chain V oc (mV) J sc (mA/cm 2 ) Fill factor PCE (%)

  

	C2H5	328	7.1	0.62	1.5
	C8H17	336	10.1	0.55	1.9
	C16H33	343	12.0	0.58	2.5

Table 6 .

 6 Cell characteristics depending on the sensitization solvent mixture for VG20

-C16-based DSSC Solvent mixture (1/9) Jsc (mA/cm 2 ) Voc (mV) Fill factor PCE (%)

  

	DMSO/ethanol	12.1	347	0.58	2.5
	DMSO/DCM	8.3	387	0.64	2.1
	THF/ACN	7.5	333	0.63	1.6
					Chapter 3| p.84

Table 7 .

 7 Different aesthetic metrics evaluation of the NIR-DSSC based on VG20-C16 with different CDCA concentration in a complete devices including only inert electrolyte based on pure acetonitrile solvent.

	[CDCA] (mM) AVT (%) CRI CCT (K) x,y CIE 1931
	0	61	90.3	4213.6	x = 0.3786 y = 0.4018
	10	64	93.8	4567.0	x = 0.3616 y = 0.3809
	50	71	95.8	4842.2	x = 0.3513 y = 0.3687

Table 8 .

 8 Aesthetic metrics evaluation for the reference cell (no sensitizer) and VG20-C16 based NIR-DSSC.

		TiO2 thickness (µm)	AVT (%)	AVT with ARC (%)	CRI	CCT (K)	x,y CIE 1931
							x = 0.3743
	VG20-DSSC	2	70	76	93.6	4297.5
							y = 0.3970
							x = 0.3646
	Ref EI	2	74	78	94.3	4515.0
							y = 0.3877

  1, 4-8, and 20-40 ps range, in addition to a fixed 100 ns time accounting for the non-decaying signals at long delays. In order to identify the most relevant characteristic lifetimes and processes, a global fit

	approach was carried out, i.e., the wavelength-dependent decay times are approximated by four
	wavelength-independent values. For TiO2 (Figure 51.a), the global decay constants are obtained:
	0.4 ps, 4.3 ps, 25 ps, and 100 ns, this latter being fixed for the fit. Special features in the decay-
	associated difference spectra (DADS) allow identifying the main excited state processes, i.e.,
	monomer-to-aggregate energy transfer, carrier injection/radical cation formation, and their
	respective lifetimes. For the former, and as discussed above, the rise of the 770 nm GSB band and
	the 530 nm aggregate-ESA peak are the fingerprint reflected in the DADS with dominating
	7 ps
	component (black line) displays a DADS very similar to TiO2, with all the features consistent with
	monomer-to-aggregate energy transfer (kET). The ca. 24 ps component (red curve) displays
	signatures of both monomer and aggregate excited state decay: monomer SE > 850 nm, monomer
	and aggregate ESA decay (450-680 nm), with the weak sharp feature at 530 nm already identified
	for TiO2 as due to aggregate ESA (kagg). Note that the fast sub-10 ps component observed for
	electron injection (negative DADS at 660-680 nm) is absent as expected. Remarkably, the longer

positive and negative signals, respectively. Hence, the energy transfer with rate kET is operative during the sub-picosecond (0.4 ps) and the ≈ 4 ps phases. Charge injection/radical cation formation is best identified as a rise of the absorption at the radical cation peak wavelength (660-670 nm) and monomer excited state decay, i.e., the decay of SE (> 950 nm). The DADS of Figure 51.b shows that charge injection, rate kinj, occurs concomitantly with the energy transfer, dominantly during the ≈ 4 ps timescale, and to a lesser extent at shorter times (0.4 ps DADS). The 25 ps DADS is characterized by SE and ESA decay both for monomers and aggregates (band at 530 nm), but these decay amplitudes hide possible weaker signatures of radical cation formation since the 25ps DADS at 660 nm is purely positive (i.e., ESA decay). The same global analysis on ZrO2 is reported in Figure 51.b. It reveals four-time constants: 1.7 ps, 22 ps, and 200 ps in addition to a long-lived contribution which is almost vanishing in 100 ns, used for consistency with fits of the TiO2 data, its amplitude being in the noise level. The fastest 1.≈ 200 ps component (blue curve) is due to a second slower monomer excited state decay (knr) since

Table 9

 9 

		A1	τ1(ps)	A2	τ2(ps)	A3	τ3(ps)	A4	τ4(ns)
	540 nm ESA aggr/mono	Small rise	1.0	69%	17.7	16%	70	15%	100
	585nm ESA/cation	10%	1.1	43%	8.3	41%	33.6	5%	100
	650nm ESA/cation	Small rise	1.1	33%	12.8	21%	41.6	45%	100
	780nm H-GSB	Clear rise	1.2	70%	24.9	6%	213	24%	100
	880nm GSB/SE	Rise	0.07	25%	3.7	50%	21.0	13%	100
	975nm SE	20%	0.4-1	20%	4.0	59%	21.6	15%	100

. Transient absorption kinetic parameters for VG20-C16 and TiO2 DSSCs obtained by femtosecond transient absorption studies.

Table 10 .

 10 Transient absorption kinetic parameters for VG20-C16 and ZrO2 DSSCs obtained by femtosecond transient absorption studies.

		A1	τ1(ps)	A2	τ2(ps)	A3	τ3(ps)	A4	τ4(ps)
	575nm ESA	14%	0.8	21%	4.2	31%	21	35%	133
	760nm H-GSB	-18%	0.8	15%	7.5	61%	31	22%	300
	850nm GSB	6%	1.2	21%	4.4	36%	37	36%	272
	920nm SE	23%	2.0	12%	5.2	47%	38	19%	297

Table 11 .

 11 Average lifetimes characterizing the main photophysical processes for VG20-C16 on TiO2 and ZrO2 DSSCs obtained from femtosecond TAS studies.

	VG20-C16 DSSC	τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns)
	TiO2 + 50mM CDCA	0.4	4.3	25	100
	ZrO2 + 50mM CDCA	1.7	22	200	100

Table 13 .

 13 The maximum absorption wavelength, the transition state, and the HOMO and LUMO levels calculated for the thienyl PPcy dyes TB179 and TB202 by DFT and TD-DFT computational analyses.

	Transition	λmax (nm) HOMO (eV) LUMO (eV)
	TB179 HOMO → LUMO	665	-6,61	-3,19
	TB202 HOMO → LUMO	690	-6,45	-3,04
	4.2.			

Synthesis and electrochemical properties of PPcy and thienyl-PPcy dyes

  The synthesis procedures of TB144 and TB207 dyes are summarized in Scheme 3. From a To synthesize TB179 and TB202, the complexation of molecule A shown in Scheme 4 with boron trifluoride etherate is carried out. The hydrolysis of the products obtained under two different conditions (indicated in the scheme) yields to the formation of TB179 and TB202 dyes.

	Scheme 3. Synthetic procedure of the PPcy dyes TB144 and TB207 I) POCl3, 3, Toluene, 130°C, 2 h, 68%; II) BF3-
	OEt2, DIPEA, CH2Cl2, 45°C, 30min, 100%; III) LiOH, THF/H2O, RT, 2h, 72%; IV) B(Ph)2Cl, DIPEA, CH2Cl2, 45°C,
	30min, 41%; V) LiOH, THF/H2O, RT, 2h, 81%.
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synthetic point of view, TB207 dye can be easily produced from an intermediate resulting from the synthesis of TB144. The pyrrole and pyridine units of the intermediate after step I were complexed by boron using either BF3-OEt2 (step II) or B(Ph)2Cl (step III) before saponification of the ester groups in mild basic conditions to lead to the desired dyes TB144 and TB207.

Table 14
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	TB144	1.10	-0.62
	TB207	0.82	-0.80
	TB179	0.84	-0.72
	TB202	1.10	-0.56

. Redox potential of the HOMO and LUMO levels determined by cyclic voltammetry of the PPcy dyes vs.SCE.

Dye HOMO (V vs. SCE) LUMO (V vs. SCE)

Table 15 .

 15 Spectroscopic parameters of the PPcy and thienyl-PPcy dyes

λabs max (nm) λabs shoulder ε (M -1 cm -1 ) λem max (nm)

  

									1.0E+07
		800	TB144				
	wavelength (nm)	600 700						5.0E+06 6.3E+06 7.5E+06 8.8E+06
	Excitation	400 500						1.3E+06 2.5E+06 3.8E+06
		300						0.0E+00
				400	500	600	700		800
									1.0E+07
	wavelength (nm)		600 700 800	TB207	Emission wavelenght (nm)		5.0E+06 6.3E+06 7.5E+06 8.8E+06
	Excitation		400 500						1.3E+06 2.5E+06 3.8E+06
			300						0.0E+00
				400	500	600	700		800
									1.0E+06
	wavelength (nm)	600 700 800	TB179	Emission	wavelength	(nm)		5.0E+05 6.3E+05 7.5E+05 8.8E+05
	Excitation	400 500						1.3E+05 2.5E+05 3.8E+05
			300						0.0E+00
				400	500	600	700		800
					Emission wavelenght (nm)		1.0E+06
	wavelength (nm)		600 700 800	TB202					5.0E+05 6.3E+05 7.5E+05 8.8E+05
	TB144 400 500 Excitation	712		655		-	730 1.3E+05 2.5E+05 3.8E+05
	TB207 300	758		685	1.38 10 5	782 0.0E+00
	TB179	740 400	500	665 600	700	-	800	772
					Emission	wavelength	(nm)	
	TB202	793		715	4.27 10 4	815
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Figure 58. 2D contour plot of the excitation/emission maps of TB144, TB207, TB179, and TB202 in CHCl3/ethanol (1/9 v/v) solution.

Table 16 .

 16 Photovoltaic parameters of the different PPcy (TB144 and TB207) and thienyl-PPcy (TB179 and TB202)dyes with no de-aggregating agent in the sensitizing solution.

	Dye	Jsc(mA/cm 2 )	Voc (mV)	FF	PCE (%)
	TB144	2.1	307	0.63	0.4
	TB207	15.6	348	0.57	3.1
	TB179	1.8	276	0.65	0.3
	TB202	4.9	248	0.55	0.7

Table 17 .

 17 Photovoltaic parameters of TB207-based DSSC with different CDCA concentration.

	[CDCA] (mmol/L) JSC (mA/cm 2 ) VOC (mV) FF PCE (%)
	0	15.6	348	0.57	3.1
	1	14.9	367	0.59	3.2
	5	16.5	394	0.58	3.8
	10	14.9	388	0.56	3.2

Table 18 .

 18 Photovoltaic

parameters of the different PPcy (TB144 and TB207) and thienyl-PPcy (TB179 and TB202) dyes with optimized CDCA concentration conditions.

Dye CDCA (mmol/L) Jsc (mA/cm 2 ) Voc (mV) FF PCE (%)

  

	TB144	50	5.2	333	0.62	1.2
	TB207	5	16.5	394	0.58	3.8
	TB179	50	4.4	246	0.56	0.6
	TB202	50	6.8	367	0.58	1.5

Table 19 .

 19 Time constants obtained by fitting the kinetic traces of Figure.69 with a sum of 3 exponentials convoluted with a 150-fs Gaussian (temporal resolution). τ and k refer to the average lifetime and the corresponding average rate.

	Sample	A1% τ1/

ps A2% τ2/ps A3% τ3/ps τ/ps k/ps -1

  

			Φinj ≈ <kinj> / (<kinj> + <kET>)	
	Al2O3 DSSC 35	2.0	39	17	26	180 54.1 0.0185
	TiO2 DSSC	16	1.5	43	8	41	35 18.0 0.055
	A simple method of evaluating the carrier injection efficiency Φinj is based on the average rates of
	carrier injection <kinj>, energy transfer <kET>, and monomer excited state decay <kmono>:
		Φinj = <kinj> / (<kinj> + <kET> + <kmono>)
	Since the former rates kinj and kET largely dominate, the carrier injection efficiency is thus
	evaluated as follows:						
							Chapter 4 | p.129

  LiI and DMII. Our reference EI electrolyte allows achieving 3.8 % PCE with a Jsc of 16.5 mA/cm², Voc of 394 mV, and a FF of 0.55. All the photovoltaic parameters measured with the different ESI electrolytes are summarized in Table20. Considering the optimized tri-iodide/iodide electrolyte EI, we start with a 1 mol/L DMII and 1 mol/L LiI, mixed with 0.02 mol/L of the Sn 2- /S 2-electrolyte, forming our first hybrid electrolyte, ESI1. The integration of ESI1 into TB207 devices yields a 3.1% PCE, with a short-circuit current density of 15.7 mA/cm² and a FF of 0.52. This Jsc value is slightly lower than the one measured with EI. Also, the Voc undergoes a 28 mV

	drop compared to EI (Voc = 366 mV). Increasing the Sn 2-/S 2-concentration to 0.03 mol/L (ESI2
	electrolyte) results in a drop in Jsc to 13.6 mA/cm², while the FF is enhanced to 0.57 and the Voc
	equals 380 mV, leading to a PCE of 2.9%. On the other hand, decreasing Sn 2-/S 2-concentration to
	0.01 mol/L (ESI3), an even larger drop in the Jsc is observed with a value of 12.5 mA/cm².

Table 20 .

 20 summary of the different compositions of the studied hybrid electrolytes and the photovoltaic parameters of TB207-DSSC in the presence of each of them.

	Electrolyte	DMII	LiI	S/TMAS	JSC	VOC		PCE
							FF	
		(mol/L)	(mol/L)	(mol/L)	(mA/cm 2 )	(mV)		(%)
	ESI1	1	1	0.02	16.1	366	0.52	3.1
	ESI2	1	1	0.03	13.6	380	0.57	2.9
	ESI3	1	1	0.01	12.5	397	0.58	2.9
	ESI4	1	0.5	0.02	15.4	384	0.55	3.3

Table 21 .

 21 Transparency and color metrics calculated for TB207-based NIR-DSSC with EI electrolyte and for different TiO2 thicknesses

	TiO2 thickness (µm)	AVT (%)	AVT (%) + ARC	CRI	CCT (K)	x,y CIE 1931	Dominant wavelength (nm)	Color saturation (%)
	2	73	77	92.9	4786.0	x = 0.3543 y = 0.3798	570	28
	4	70	75	89.7	4554.1	x = 0.3650 y = 0.3988	570	32
	6	63	68	82.1	4475.5	x = 0.3719 y = 0.4206	568	35

Table 22 .

 22 Transparency and color metrics calculated for TB207-based DSSC with ESI4 electrolyte incorporating different TiO2 thicknesses

	TiO2 thickness (µm)	AVT (%)	AVT(%) + ARC	CRI	CCT (K)	x,y CIE 1931	Dominant wavelength (nm)	Color saturation (%)
	2	76	78	95.0	5075.9	x = 0.3440 y = 0.3631	570	12
	4	73	75	93.4	4962.8	x = 0.3479 y = 0.3711	570	16
	6	63	68	84.6	4776.9	x = 0.3570 y = 0.3983	568	28
	As the 4 µm TiO2 was chosen for best LUE values, we built up a transparent TB207-based NIR-
	DSSC with ESI4 electrolyte. The obtained results are presented in Figure 86. The removal of the
	scattering layer results in a drop in the Jsc from 15.4 mA/cm² to 10.9 mA/cm², while the Voc
	increases to 408 mV. It leads to a PCE of 2.5 %. This result underlines that the replacement of EI
	electrolyte by ESI4 yields a similar level of performance while significantly improving the final
	aesthetics.							

Table 23 .

 23 Chapter 5 | p.158 LiTFSI, and 0.03 mol/L I2 in acetonitrile/valeronitrile (85/15 v/v) solvent mixture. Interestingly, the TB336 dye achieves a very good 3.6 % PCE without any CDCA. It produces a relatively high Jsc value of 18.3 mA/cm². The Voc measured in the CDCA-free condition is 388 mV which is 40 mV higher than what is measured in the same conditions for the TB207 dye. Increasing the CDCA Photovoltaic parameters of TB336-based DSSC with different CDCA concentration. For this, we built up devices with only a 4 µm transparent mesoporous TiO2 layer, and the results with EI and ESI4 electrolytes are shown in Figure 94. The J-V curves reported in Figure 94.a show that removing the scattering layer leads to a drop in Jsc from 17.3 mA/cm² to 13.8 mA/cm² with the EI electrolyte. A slight drop of 20 mV in Voc to 410 mV is noticed while the FF value is not affected. As a result, the PCE of the transparent DSSC achieves 3.2%. Replacing EI with the colorless ESI4 electrolyte, we experienced a slightly better PCE reaching a record of 3.4 % (Jsc = 13.1 mA/cm², Voc = 423 mV and FF = 0.61).

	concentration to 1 mmol/L (corresponding to 1/10 dye/CDCA ratio) leads to a slight decrease in
	the Jsc value to 17.7 mA/cm². However, a 26 mV gain in Voc is achieved, and an increased fill
	factor value to 0.54 affords to reach 4.1% PCE. A same trend is observed upon increasing the
	CDCA concentration to 2 mmol/L (1/20 ratio) leading to 4.2 % PCE (Jsc = 17.3 mA/cm², Voc =
	430 mV, ff = 0.56). The J-V evolution of TB336-based DSSC and the photovoltaic parameters
	are presented in Figure 93 and Table 17, respectively.	
		20				
	(mA/cm²)	15				
	density					
	current	10				
	Short-circuit	5	0 CDCA 1/10			
		0	1/20			
		0.0	0.1	0.2	0.3	0.4	0.5
				Applied voltage (V)	
	[CDCA] (mmol/L) JSC (mA/cm 2 ) VOC (mV) FF PCE (%)
		0		18.3	388	0.51	3.6
		1		17.7	414	0.54	4.1
		2		17.3	430	0.56	4.2

Figure 93. Evolution of the (J-V) curve for TB336-based DSSC as a function of CDCA concentration under A.M. 1.5G conditions.

All of the above devices were achieved with a 6 µm-thick mesoporous TiO2 sheltered by a 5 µmthick scattering one. For a fully transparent TB336-DSSC, we adopted the LUE optimized Chapter 5 | p.159 conditions for TB207 dye.

Acknowledgement References | p.172 | p.200 | p.201

Abbreviations

Chapter 4 | p. 120 The electrolyte with interhalogen-based binary redox couples, denoted B1, was prepared by mixing 0.04 mol/L of Br2 solution in acetonitrile with 0.4 mol/L of LiI. When LiI was added into the Br2 solution, iodine (I2) and Br -were formed spontaneously according to equation 1:

Then, I2 can successively react with both I -and Br -to form I3 -and I2Br -, according to the equilibriums represented by equations ( 2) and (3), respectively.

Br -+I2 ⇌I2Br - Eq (3)

The reaction of Br -with I2 can generate interhalogen anions, such as I2Br -and IBr2 -, of which the concentrations are dependent on the concentration of Br -in the solution. Generally, IBr2 - dominates over I2Br -only when [Br -] > 2 mmol/L. [199] However, the formation of the I2Br -was favored in the present composition since the excess amount of I -in the solution suppressed the formation of IBr2 -according to the following equation:

I2Br -+ Br -⇌IBr2 -+ I - Eq (4)

The above equilibrium relations indicated that I -, I3 -, Br -, and I2Br -are major anionic components of B1, and the formation of I2Br -will induce the net decrease of I3 -; therefore, the overall equilibrium will shift to the left side of Eq. ( 2).

Both redox pairs, I3 -/I -and I2Br -/(I -, Br -), coexist in B1 to form a binary redox system with the standard electrochemical potential for the latter being more positive up to ca. 0.1 V than the former.

The Fermi energy level of B1 was essentially determined from the weighted-average of both redox reactions, denoted by (I3 -, I2Br -)/(I -, Br -), and it was very close to the energy level of I3 -/I -as described in Scheme 6 since I3 -/I -is still a major component of this electrolyte.
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Optimization of TB207-DSSC with transparent and colorless electrolyte: an approach with hybrid sulfur/iodide electrolyte

Scrutinizing the different colorless and transparent redox mediators that can replace the conventional electrolytes, the most simple and efficient way is to suppress the triiodide formation in the electrolyte directly. Cong et al. introduced back in 2012 a highly efficient and colorless sulfur/iodide-based hybrid electrolyte that enhanced the performance of the benchmark Ru complex dye N719. [203] We herein adopt the concept of a hybrid electrolyte between Sn 2-/S 2-and I - with the NIR-dyes in order to reach a non-intrusive color-neutral wavelength-selective DSSC.

Synthesis and characterization of Sn 2-/S 2-with tetramethylammonium cation

The first step is to synthesize the tetramethylammonium sulfide (TMAS) salt. For this, 44 mmol of tetramethyl ammonium is added to 22 mmol of ammonium sulfide. Both are aqueous solutions, and the mixture is stirred until the solution turns from yellow to colorless. Next, the water solvent is removed by rotary evaporation, and the resulting white salt is dried at 50°C under vacuum for four hours.

The redox couple, consisting of Sn 2-/S 2-with the organic tetramethylammonium cation, was synthesized by mixing equivalent amounts (1.25 mmol) of sulfur and the tetramethylammonium sulfide in acetonitrile and then heated at 70°C for 3 hours. The obtained solution is dark green. It turns transparent and colorless after overnight stirring at room-temperature (Figure 76). 

Structural optimization of the PPcy dyes: New attempt with an asymmetrical push-pull dye

A glance into the literature was enough to highlight that the donor-π-bridge-acceptor (D-π -A) design has resulted in exceptional performances because of the use of a bulky, surface-protecting donor group referred to as the "Hagfeldt donor." For instance, developing the SGT-137 dye, which possesses the Hagfeldt donor unit, allowed to achieve DSSCs with PCE of 12% in a conventional device, then 14.64% from a tandem cell fabricated with the zinc porphyrin SGT-021. [211] Furthermore, the co-sensitization of the dyes ADEKA-1 and LEG-4 on TiO2 leads to solar devices converting solar energy at 14.2% and 14.7% under reduced light intensity (50%). [212] 

Presentation of TB336 dye by computational study and synthesis procedure

Following this motivation, the general structure of the targeted molecule is presented in Figure 89, along with the structure of the synthesized dye, coded TB336. This dye molecule is still based on the same PPcy unit (highlighted in red) substituted by di-tert-butyl phenyls in order to provide solubility and limit the aggregation phenomenon (highlighted in yellow). The dye is nonsymmetric and contains only one anchoring function of the carboxylic acid type, and is substituted at the para of the nitrogen atom (highlighted in grey). Through such structure, the objective is to direct the charge transfer on the PPcys, from the triphenylamine (TPA) electron donor unit, "push,"

to the electro-deficient unit or anchoring function, "pull." This is why it was chosen to place these substituents on either side of the cyanine system. In addition, and in accordance with the studies on different PPcy and thienyl-PPcy structures in chapter 4, phenyls are placed on the boron atom rather than fluorine to make the dye more reductive in the excited state and limit aggregation (highlighted in blue). Finally, the TPA unit is substituted on the para position with respect to the nitrogen atom.
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The synthetic procedure is summarized in Scheme 8. The starting molecule is obtained during the synthesis of TB144 and TB207 dyes, as presented in chapter 4. The tri-arylamine intermediate was prepared in the lab at CEISAM with a yield of 90%.

Scheme 8. Synthetic procedure of the push-pull PPcy dye TB336

Characterization of TB336 dye in solution

The normalized absorption spectrum of TB336 dye in chloroform/ethanol (1/9 v/v) solvent mixture is reported in Figure 91.a, along with the absorption of TB207 dye for comparison. TB336 exhibits the same optical fingerprint as TB207, with an absorption maximum being 3 nm redshifted (λmax = 761 nm). The shoulder is shifted to 688 nm. It contains a contribution from vibronic states slightly less pronounced in TB336 than TB207. However, we can notice that the S0-Sn transition, at around 400 nm, is more intense for TB336, which renders the dye solution brownishyellow rather than greenish like TB207.

The absorption spectrum of TB336 also possesses the fingerprint of the triphenylamine (TPA) group at ca. 340 nm. However, this absorption lies out of the photopic response range, and we expect no harmful effect on the AVT values. The molar extinction coefficient (ε = 1.28x10 5 M - 1 cm -1 ) is in the same order of magnitude than TB207 (ε = 1.38x10 5 M -1 cm -1 ). The excited-state lifetime of TB336 in solution is 2.8 ns, thus also comparable to TB207 (τ = 3.2 ns) (Figure 91.b).

Annex

Functions needed for the calculation of CRI for a PV device:
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Preliminary Computational study on PPcy molecules:

In appears that the spin densities of the HOMO orbitals are mainly concentrated at the pyrrolopyrrole cyanine ring and slightly at the boron atoms. The spin densities of the LUMO level are also located along with the cyanine system with higher intensity on the nitrogen atom of the pyridine ring. The anchor function causes a slight variation in the HOMO and LUMO orbitals. However, the theoretical wavelength values are significantly impacted (Table A.1).

Influence of the nature and position of the anchor function

In 

| p.192

Impact of a π-conjugated connector

The addition of a π-conjugated connector is studied. The aim is to follow if this addition may extend the electronic conjugation. Thus, these additions are studied: a phenyl spacer in molecule These quantum calculations make it possible to select the most promising targets to be synthesized as a priority. It is indeed observed that the spin densities of the HOMO and LUMO levels are mainly concentrated on the core of the molecule. It is also observed that there is very little delocalization of spin densities towards the end of the molecule on the LUMO, even when a πconjugated connector is introduced. In order to favor the injection process, it, therefore, appears more sensible to place the anchor function directly on the pyridine ring without incorporating a spacer. In addition, it is noted that the spin density of the LUMO orbital on the anchor function is more significant when the latter is placed in the para position of the nitrogen atom rather than in the meta position. 
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Fabrication of Solar Cells

The fluorine-doped SnO2 (FTO) conducting glass (NSG-10, Nippon Sheet Glass) was thoroughly cleaned with a detergent solution, acetone, and ethanol solvents. Then the substrates were treated ). The optical properties of the dye in solution and in the device were measured using an Agilent Cary 5000 spectrophotometer. A quartz cuvette with 1 cm light path was used for solution in dual beam transmission mode. For devices, all measurements were carried out in total transmittance mode using a 150 mm integration sphere. Background and zero were corrected, however, without subtracting any external contributions such as glass absorption and reflection.

All AVT measurements, therefore, correspond to a complete device assessment.

Picosecond Pump-Probe Transient Absorption Spectroscopy (TAS) Measurements

The picosecond setup for the TAS measurements was used to investigate regeneration and recombination kinetics of the dye radical cation. The setup is composed of ( 1 Transient absorption is calculated from four streak images according to the equation:

Where data is the intensity of the image obtained where both pump and probe are on, emission where only pump is on, monitor where only probe is on, and dark when both pump and probe are off in order to subtract the contribution of stray light. Each of these four images consisted of N integrated camera images. Measurements are performed in the sequence, data, emission, monitor, dark, and this sequence is repeated M times. In order to obtain a satisfactory signal-to-noise ratio, N was 500 and M = 5-10.

Femtosecond Pump-Probe Transient Absorption Spectroscopy (TAS) Measurements

To record the TA spectra, a home-built setup fs-TA spectrometer was utilized based on a Ti:sapphire regenerative amplifier laser system (Pulsar, Amplitude Technology) delivering 40 fslong pulses, at 5 kHz, centered at 800 nm. One portion of the 800 nm beam is used directly as the