Laura Schade 
  
Suhas Mahesh 
  
George Volonakis 
  
Marios Zacharias 
  
Bernard Wenger 
  
Sameer Felix Schmidt 
  
Vajjala Kesava 
  
Dharmalingam Prabhakaran 
  
Mojtaba Abdi-Jalebi 
  
Markus Lenz 
  
Sameer Vajjala Kesava 
  
Feliciano Giustino 
  
Giulia Longo 
  
Paolo G Radaelli 
  
Henry J Snaith 
  
Crystallographic

Keywords: 

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

A c c e p t e d m a n u s c r i p t

TOC GRAPHICS

The power conversion efficiency of photovoltaic devices based on hybrid halide perovskite materials has increased to a remarkable 25.2% in the past few years [1-4], and light emitting diodes (LEDs) based on metal halide perovskites already match with organic LEDs, in terms of electroluminescence external quantum efficiency [START_REF] Bi | Efficient Luminescent Solar Cells Based on Tailored Mixed-Cation Perovskites[END_REF]. The highest efficiency devices are based on organic-inorganic lead halide perovskites [START_REF] Snaith | The Emergence of a New Era for Low Cost, High-Efficiency Solar Cells[END_REF][START_REF] Lee | Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites[END_REF][START_REF] Koh | Formamidinium-Containing Metal-Halide: An Alternative A c c e p t e d m a n u s c r i p t Material for Near-IR Absorption Perovskite Solar Cells[END_REF][START_REF] Lee | High-Efficiency Perovskite Solar Cells Based on the Black Polymorph of HC-(NH2)2PbI3[END_REF], however, there are some non-ideal aspects related to these materials which could be circumvented with the discovery of new compounds. In particular, the presence of an organic cation in the crystal implies relatively low thermal stability, which may hinder the successful introduction of the devices to some commercial markets [START_REF] Deretzis | Atomistic Origins of CH3NH3PbI3 Degradation to PbI2 in Vacuum[END_REF][START_REF] Dualeh | Thermal Behavior of Methylammonium Lead-Trihalide Perovskite Photovoltaic Light Harvesters[END_REF][START_REF] Han | Degradation Observations of Encapsulated Planar CH3NH3PbI3 Perovskite Solae Cells at High Temperatures and Humidity[END_REF][START_REF] Tan | Thermally Induced Structural Evolution and Performance of Mesoporous Block Copolymer-Directed Aluminia Perovskite Solar Cells[END_REF]. Furthermore, for optoelectronic applications beyond photovoltaics, the presence of lead may prove challenging since electronic devices need to comply with the restriction of hazardous substances (RoHS), which limits the admissible quantity of lead in a solid layer.

Inorganic perovskites based on non-toxic metals are attractive alternatives to lead-halide perovskites, and have driven the research community towards the study of inorganic metal halide semiconductors with improved functionality [START_REF] Sutton | Bandgap-Tunable Cesium Lead Halide Perovskites with High Thermal Stability for Efficient Solar Cells[END_REF][START_REF] Wang | A Facile Low Temperature Fabrication of High Performance CsPbI2Br All-Inorganic Perovskite Solar Cells Sol[END_REF][START_REF] Li | Recent Progress in Pb-Free Stable Inorganic Double Halide Perovskites[END_REF]. Over the last few years, double perovskite A c c e p t e d m a n u s c r i p t materials have emerged as possible contenders [START_REF] Giustino | Toward Lead-Free Perovskite Solar Cells[END_REF]. In particular the double perovskite Cs2AgBiBr6 has been the subject of several studies that have revealed excellent environmental stability and promising optoelectronic properties [START_REF] Wu | The Dawn of Lead-Free Perovskite Solar Cell: Highly Stable Double Perovskite Cs2AgBiBr6 Film[END_REF][START_REF] Volonakis | Lead-Free Halide Double Perovskites via Heterovalent Substitution of Noble Metals[END_REF][START_REF] Slavney | A Bismuth-Halide Double Perovskite with Long Carrier Recombination Lifetime for Photovoltaic Applications[END_REF][START_REF] Zelewski | Revealing the Nature of Photoluminescence Emission in Metal-Halide Double Perovskite Cs2AgBiBr6[END_REF]. Nevertheless, the efficiency obtained so far for this material employed as the absorber layer in solar cells is still very low (2.2%) [START_REF] Gao | High-Quality Cs2AgBiBr6 Double Perovskite Film for Lead Free Inverted Planar Heterojunction Solar Cells with 2.2% Efficiency[END_REF], and it is unclear if it will be able to match the optoelectronic properties of lead halide perovskites.

The optical properties and the stability of perovskite materials can be significantly influenced by external conditions, such as applying high temperature or pressure, but also via chemical alloying [START_REF] Shang | Stable Bandgap-tunable Hybrid Perovskites with Alloyed Pb-Ba Cations for High-Performance Photovoltaic Applications[END_REF]. With this approach, Du et al. [START_REF] Du | Bandgap Engineering of Lead-Free Double Perovskite Cs2AgBiBr6 Through Trivalent Metal Alloying[END_REF] engineered the bandgap of the Cs2AgBiBr6 double perovskite using trivalent metal alloying with In III and Sb III , finding that the first enhances the photoluminescence (PL) intensity, while the second one induces a substantial decrease of the PL emission. Furthermore, Luo et al. [START_REF] Luo | Efficient and Stable Emission of Warm-White Light from Lead-Free Halide Double Perovskites[END_REF] have demonstrated extremely high photoluminescence quantum yield and electroluminescence efficiency for Cs2AgInCl6 when substituting Ag I for Na I and doping with small concentrations of Bi.

Here, we explore the influence of In III alloying on the structural optical and electronic properties of the Cs2AgBiBr6 double perovskite. We synthesized excellent-quality single crystals with compositions of up to ~25% indium at the B' site, and polycrystalline powders with up to ~80% of indium content (Cs2AgBi0.2In0.8Br6). In addition, we prepared high-quality double-perovskite thin-films with a range of indium content. Using variable-temperature single crystal/powder Xray diffraction (XRD) and heat capacity measurements, we discover that the low-temperature cubic-to-tetragonal phase transition, previously reported for the neat compound [START_REF] Schade | Structural and Optical Properties of Cs2AgBiBr6 Double Perovskite[END_REF], shifts to lower temperatures as indium is added to the structure. We determine the amount of indium present through XRD structural characterization, and further confirm the values with inductively A c c e p t e d m a n u s c r i p t coupled plasma mass spectrometry (ICP-MS). Beyond crystallographic characterization, we investigate the optoelectronic behavior of the neat and alloyed Cs2AgBiBr6 materials, and we find that a relatively small amount of indium on the B site enhances the photoluminescence intensity and shifts the bandgap to higher energies. Using density functional theory (DFT), we investigate the influence of indium on the electronic band structure. Moreover, we prepared n-i-p solar cell devices with and without indium in the double perovskite layer, and highlight the improvements in the performance: the open-circuit voltage of devices with indium is higher than the ones without it, delivering a higher power conversion efficiency (PCE). Further calculations show that the device open-circuit voltage can be severely affected by the shallow optical absorption edge whose Urbach energy exceeds kBT (where kB is the Boltzmann constant and T=300K).

For clarity, in our figures we will present the data measured on single crystals in red, on polycrystalline powders in green, and on thin films in blue. For the synthesis of Cs2AgBi1-xInxBr6 single crystals, we followed a modified version of the synthesis route previously reported for Cs2AgBiBr6 double perovskite [START_REF] Schade | Structural and Optical Properties of Cs2AgBiBr6 Double Perovskite[END_REF]. We dissolved the precursors (CsBr, AgBr, BiBr3) in DMSO and precipitated with acetone to form a polycrystalline powder. We then dissolved the assynthesized powder in hot HBr (at about 100°C) and added InBr3 to this hot solution in different proportions. Cooling down to room temperature at a rate of half a degree per hour, we managed to grow single crystals with a range of indium contents. With this method we prepared 5 different alloyed crystals in addition to the neat Bi double perovskite (SC0): SC1, SC7, SC12, SC17 and SC25 with ≈1%, 7%, 12%, 17% and 25% of indium respectively. The percentages indicate the amount of indium on the bismuth site, and refer to the compositions of the as-synthesized crystals, which we deduced from ICP-MS (see table ST1 in the Supplementary information (SI)). The ST2. Single crystals grown through this solution-process method allowed us to achieve a maximum of 25% of indium to be substituted on the bismuth site. In addition, through a solid-state synthesis method [START_REF] Du | Bandgap Engineering of Lead-Free Double Perovskite Cs2AgBiBr6 Through Trivalent Metal Alloying[END_REF] we prepared 5 polycrystalline samples with different indium concentrations all the way up to 60% indium substitution, once again confirmed by ICP-MS (values in table ST4). For simplicity, we will denote the powder samples according to their indium content, as PW0, PW10, PW35, PW45, PW60 and PW80. The polycrystalline powders XRD patterns with their Rietveld refinement and the crystallographic results are shown in Figure S2 and table ST3 in the Supplementary Information. We also prepared thin films of the Cs2AgBi1-xInxBr6 double perovskite by spin-coating a solution of the dissolved polycrystalline powders in DMSO (dimethyl-sulfoxide) on quartz or glass, and then heating for 5 minutes on a hot plate at about 285°C in ambient atmosphere. The heating time was adapted slightly depending on the alloying, to prevent crystallization of impurity phases in the film. Similar to the previous nomenclature, we will denote the thin films TF0, TF10, TF35, TF45, TF60, and TF80 in relation to the percentage of indium evaluated through the ICP-MS measurement of the precursor powders. The thickness of the different thin films is reported in Table ST5 and the XRD-patterns are shown in Figure S3.

The XRD analysis reveals that all the samples are cubic at room temperature, consistent with space group Fm3 ̅ m, the same as the neat Cs2AgBiBr6 compound. Moreover, the lattice contracts as the indium cation replaces the smaller bismuth, translating into a peak shift of all reflections towards higher angles. This is demonstrated in Figure 1a and 1b, zooming into the (400) peak. The slight mismatch between the peak positions of the thin films and of the polycrystalline powders is due to experimental uncertainties in the powder diffractometer (e.g. the refined zero point and the height A c c e p t e d m a n u s c r i p t of the sample in the holder), while the peak positions in the patterns of the thin films samples have been calibrated to the known peak positions of the quartz substrate. This discrepancy doesn't affect our conclusion since its effect on the lattice parameters is much smaller than the shift in peak positions due to changes in composition. 

A c c e p t e d m a n u s c r i p t

To further investigate the impact of alloying indium in the Cs2AgBiBr6 double perovskite, we performed temperature-dependent heat capacity and low-temperature X-ray diffraction measurements. For Cs2AgBiBr6 a cubic-to-tetragonal phase transition occurs at ~122K [START_REF] Schade | Structural and Optical Properties of Cs2AgBiBr6 Double Perovskite[END_REF], as shown in Figure 1c. With the substitution of bismuth with indium, this phase transition temperature monotonically shifts to lower temperature, for instance being at ~110K, for SC17as we show in Figure 1d (see Section 2 of the SI for details). It also appears that the specific heat anomaly at the transition temperature becomes smoother with increasing indium content, and disappears altogether in the case of SC25, as shown in Figure S6c in the SI. However, the temperature-dependent X-ray diffraction measurements (see SI) clearly indicate that the transition is still present in the PW35 composition, only shifting to a lower temperature of 60K (Figure S5). The disappearance of the heat capacity singularity at the transition point for higher concentrations of indium can be explained if we classify the transition of the Cs2AgBiBr6 neat perovskite to be close to a tricritical point, i.e., to the crossover between a first-and a secondorder transition. At first proposed by B. Wruck in 1986 for the I1 ̅ -P1 ̅ transition in anorthite [START_REF] Wruck | Einfluβ des Na-Gehaltes und der A1, Si-Fehlordnung auf das thermodynamische Verhalten der Phasenumwandlung P1-15 in Anorthit[END_REF], disorder can change both the transition temperature and the order of the transition. This leads to the rapid disappearance of the lambda-anomaly in the heat capacity in anorthite samples that have been either heat-treated or contaminated with Na, which instead display a smeared-out stepwise increase of excess heat capacity. This happens because the transition, being initially close to a tricritical point, moves deeper into the second-order regime when Na is added, leading to a crossover from a lambda-singularity to a step-singularity. We observe an analogous behavior for our samples, with the difference that in our measurements with high concentration of indium, A c c e p t e d m a n u s c r i p t the smeared-out step appears to be too small to be detected, particularly since it occurs in a rapidly changing region of the heat capacity curve. To explore the influence of indium on the opto-electronic properties of the double perovskite material, we performed steady-state photoluminescence spectroscopy on both single crystals and polycrystalline powders. We note that we could not detect a strong PL signal from the thin films, and hence measured the PL directly from the surface of the solid-samples, employing a fibercoupled laser for excitation, with detection directly through a fiber-boudle in close proximity to the excitation (see SI for further details). Figure 2 shows the emission from single crystals with different indium contents. The addition of indium clearly enhances the photoluminescence, with the PL intensity of SC25 being about 100 times higher in comparison to the neat Bi crystal. In Figure S7a of the SI, we show the photoluminescence emission from polycrystalline powders of Cs2AgBi1-xInxBr6. Notably, these were detectable, but lower of intensity than the single crystals, A c c e p t e d m a n u s c r i p t presumably due to smaller crystallite size, increased surface area, and increased surface defect density. The trend up to PW35 agrees with an increase in emission intensity and is consistent with the measurements on single crystals, while the PL starts decreases gradually for higher indium content. In both single crystals and powders, it is noticeable that the PL peak maximum also shifts slightly towards higher energies when indium is added to the structure, as shown in Figure S7b in the SI, consistent with a lattice contraction leading to a widening of the band gap.

The absorption coefficient, measured with UV-Vis absorption spectroscopy on thin films, is also shown in Figure 2. We notice a pronounced resonant absorption feature centered at ~420nm, as previously reported in literature [START_REF] Zelewski | Revealing the Nature of Photoluminescence Emission in Metal-Halide Double Perovskite Cs2AgBiBr6[END_REF]28]. There is still debate about the origin of this feature, which has been associated with trapped excitonic transitions below the high energy direct bandgap [START_REF] Zelewski | Revealing the Nature of Photoluminescence Emission in Metal-Halide Double Perovskite Cs2AgBiBr6[END_REF][28][START_REF] Kentsch | Exciton Dynamics and Electron-Phonon Coupling Affect the Photovoltaic Performance of the Cs2AgBiBr6 Double Perovskite[END_REF][START_REF] Yang | Lead-Free Silver-Bismuth Halide Double Perovskite Nanocrystals[END_REF] or to intra-band transitions [START_REF] Connor | Layered Halide Double Perovskites: Dimensional Reduction of Cs2AgBiBr6[END_REF][START_REF] Bekenstein | The Making and Breaking of Lead-Free Double Perovskite Nanocrystals of Cesium Silver-Bismuth Halide Compositions[END_REF]. The overall absorption strength decreases with increasing indium content. This decrease is further confirmed by the extinction coefficient obtained from spectroscopic ellipsometry measurements of the single crystals (shown in Figure S9 of the SI). The alloyed double perovskite maintains the same main features of neat Cs2AgBiBr6 in absorption and emission, with a decrease in absorption and an increase in photoluminescence emission intensity for low indium content (<35%). The increased PL intensity indicates fewer, or less active, defect sites responsible for trap-assisted recombination, suggesting that the introduction of a small amount of indium may enhance the electronic properties of Cs2AgBi1-xInxBr6 for use as photoactive layers in devices. (see computational methods in the SI) [START_REF] Zacharias | Theory of the Special Displacement Method for Electronic Structure Calculations at Finite Temperature[END_REF][START_REF] Popescu | Extracting E Versus k Effective Band Structure from Supercell Calculations on Alloys and Impurities[END_REF]. The spectral functions of the indium-doped Cs2AgBiBr6 are shown in Figure 3a as a color map representing the momentum-resolved electronic density of states. The resulting spectral functions are calculated along the L-Γ-X path of the larger Brillouin zone and are shown in Figure 3a, with the white lines showing the band structure of Cs2BiAgBr6. For the electronic structure we used the difference EG_HSE-EG_DFT at the Γ point to rigidly shift the conduction bands calculated within DFT-PBE. There are two main features appearing upon introducing indium into the material. First, the appearance of a new band within the conduction band manifold, which is related to indium s-orbitals. As indium concentration increases, this band moves to lower energies and becomes more dispersive. This is consistent with the band structure of pristine Cs2AgInX6 (x = Cl, Br) for which the conduction band bottom consists of a dispersive band associated with indium s-orbitals [START_REF] Volonakis | Cs2InAgCl6: A New Lead-Free Halide Double Perovskite with Direct Band Gap[END_REF]. Secondly, the valence band top of Cs2BiAgBr6 at X slowly disappears. In fact, when the Bi-Ag network is completely disrupted along all directions (50% model) the valence band top is shifted to the Γ position, similar to the valence band exhibited in neat Cs2InAgX6 (X-Cl, Br) compounds. Interestingly, for indiumalloying of up to 25% the band edges (i.e. the valence band top, and conduction band bottom) show minimal changes, while upon reaching 50% indium concentration the band extrema character resemble more the case of pristine Cs2InAgBr6 [START_REF] Volonakis | Cs2InAgCl6: A New Lead-Free Halide Double Perovskite with Direct Band Gap[END_REF], due to the lower energy of indium s-orbitals and the dominance of Ag d-orbitals at the valence band top. As we can see in Figure 3, the band A c c e p t e d m a n u s c r i p t gap of all the materials is indirect and the gap is slightly decreasing upon increasing indium concentration. The calculated band gap decrease is consistent with calculations on the pristine Cs2AgBiBr6 and Cs2AgInBr6, for which the calculated band gaps are of 1.97 (2.60) eV and 1. [START_REF] Onno | Electron and Hole Partial Specific Resistances: a Framework to Understand Contacts to Solar Cells[END_REF] (2.09) eV, respectively, within HSE (PBE0) hybrid functional. Yet, this band gap trend is in contrast with our experimental observations, where in Figure 2 we saw that the absorption onset (and the PL maxima) shifts to shorter wavelength upon indium alloying. Consequently, higher level calculations are required to accurately predict the band gaps of both the compounds and their alloys. For consistency, here we choose to employ the HSE hybrid functional including spin-orbit coupling on the supercells, which is known to accurately predict the gap of pristine Cs2AgBiBr6, which is the starting point of our work.

A c c e p t e d m a n u s c r i p t

We further explored the optical effects for the In-alloyed double perovskite through firstprinciples calculations of the dielectric function. Figure 3b shows the calculated (green) and measured (black) imaginary part of the dielectric function for pristine Cs2AgBiBr6, where the latter one has been obtained from the n and k coefficients of Figure S9 following the formula: ε2=2nk.

Overall, the position of the main features measured for Cs2AgBiBr6 are described relatively well by our independent-particle calculations. We can even tentatively assign the intense peak in the absorption at 2.8 eV to inter-band transitions related to the presence of the separated electronic band at the bottom of the conduction band of Cs2AgBiBr6. The exact shape and separation of the absorption peaks close to the onset would require calculations that include electron-hole interactions to probe the strength of electron-hole renormalization effects and the presence of excitonic enhancement effects near the band edge. Figure 3d shows the calculated imaginary part of the dielectric function of Cs2AgBi1-xInxBr6 double perovskite for different indium contents.

These calculations involve the large super-cells used for the electronic structure calculations, with A c c e p t e d m a n u s c r i p t optimized atomic positions and using the experimental lattice parameters measured by XRD. For consistency, the dielectric function of pristine Cs2AgBiBr6 shown in panel d is calculated using a large 2x2x2 super-cell, hence we note the slight difference in the applied smearing between panels b and d, as detailed in the SI. We can notice that the overall intensity decreases with increasing indium content, consistent with the experimental data shown in panel c. In summary, based on our theoretical analysis of the optical changes occurring with indium alloying, we can consistently explain the origin of the reduced absorption intensity, which we assign to the increasing contribution of indium s-orbitals and the reduced contribution of bismuth s-orbitals, to the valence band minima and other concurrent changes in the band structure. However, the small shift in overall band gap which we determine theoretically, occurs in the opposite direction to what we have determined experimentally. This suggests that a more realistic modelling of indium incorporation using larger supercells, as well as an improved description of the optical properties beyond the independent-particle approximation, are needed in order to fully account for the experimental trend. Evidentially, more detailed experimental and theoretical investigations are required to solve this ongoing uncertainty over the precise origin of absorption and emission in these double perovskite compounds.

Since we expected these double perovskites to have a weakly absorbing indirect band gap and potentially also have a high density of sub band gap defect states, we performed photothermal deflection optical absorption spectroscopy (PDS) on our thin films (Fig. S11 in the SI) to investigate the region below the band-gap. The PDS spectrum curves clearly show panchromatic absorption below the bandgap, indicating the presence of sub-bandgap states. The Urbach energy, which represents the electronic disorder at the band edge, was calculated through a fitting on the PDS data (Figure S12). With the values reported in Table ST6 we can observe that the Urbach A c c e p t e d m a n u s c r i p t energy ranges from 50 to 65 meV, which are larger than those determined for lead and tin halide perovskites [START_REF] De Wolf | Organometallic Halide Perovskites: Sharp Optical Absorption Edge and Its Relation to Photovoltaic Performance[END_REF][START_REF] Luo | Enhanced Photovoltage for Inverted Planar Heterojunction Perovskite Solar Cells[END_REF][START_REF] Abdi-Jalebi | Impact of Monovalent Cation Halide Additives on the Structural and Optoelectronic Properties of CH3NH3PbI3 Perovskite[END_REF]. This difference in Eu is consistent with the lower performances of allinorganic perovskites, especially in terms of Voc [START_REF] Nayak | Photovoltaic Solar Cell Technologies: Analysing the State of the Art[END_REF]. Table ST4 reports the bandgap extrapolated from a Tauc-plot analysis and indicates a clear enlargement with increasing indium percentage, going from 2.19 eV for TF0 to 2.33 eV for TF60. As previously reported, these double-perovskites present strong hysteresis between the forward (from VOC to JSC) and the reverse (from JSC to VOC) scan, as we can notice from the JV curves in Figure S15 in the SI. In addition, the performances of these devices are poorly reproducible, varying from batch to batch. For this reason we deem it more indicative and useful to observe the averaged current-density-voltage curve performances parameters, rather than the single JV scans.

In Figure 4a For a bandgap of 2.23 eV, the Shockley-Quiesser formalism [START_REF] Shockley | Detailed Balance Limit of Efficiency of p-n Junction Solar Cells[END_REF][START_REF] Guillemoles | Guide for the Perplexed to the Shockley-Queisser Model for Solar Cells[END_REF] predicts a limiting PCE of 18% with VOC = 1.91 V, JSC = 10.14 mA/cm 2 and FF = 0.93. However, the best Cs2AgBiBr6 based cells today only reach 2.8% PCE (VOC = 1.06 V, JSC = 5.13 mA/cm 2 , FF=0.52) [START_REF] Yang | Simultaneous Power Conversion Efficiency and Stability Enhancement of Cs 2 AgBiBr 6 Lead-Free Inorganic Perovskite Solar Cell through Adopting a Multifunctional Dye Interlayer[END_REF]. Longo et al. have shown that the large current deficit is due to poor electron diffusion length (tens of nm) [START_REF] Longo | Understanding the Performance-A c c e p t e d m a n u s c r i p t Limiting Factors of Cs2AgBiBr6 Double-Perovskite Solar Cells[END_REF]. This is likely to be true for the indium alloyed material as well. The difference between the band gap energy and the open-circuit voltage a cell can generate is a good measure of the minimum energy loss in the photovoltaic cell, which is often referred to as a voltage deficit or loss-in-A c c e p t e d m a n u s c r i p t potential. For a material with a band gap of 2.23 eV, the minimum voltage deficit for an ideal cell is 320 mV. However, our best experimental cell shows a maximum VOC of only 0.93V (Figure S15b in the SI) and hence a voltage deficit of over 1400 mV. To understand this result we need to assess what causes this voltage deficit, if it is a fundamental barrier for this material ever being efficient, or if there are potential solutions to overcoming a large fraction of these deficiencies.

The voltage deficit may originate from a combination of factors, including high dark recombination current densities (due to the fundamental optical properties of the material), a significant fraction of non-radiative recombination (resulting from high defect densities in the bulk of the absorber material), high surface recombination velocities on the surface of the absorber layer, and high surface recombination at the absorber layer / charge extraction layer interfaces. Furthermore, poor charge carrier selectivity of the transport layers may also inhibit open-circuit voltage [START_REF] Onno | Electron and Hole Partial Specific Resistances: a Framework to Understand Contacts to Solar Cells[END_REF][START_REF] Le Corre | Charge Transport Layers Limiting the Efficiency of Perovskite Solar Cells: How to Optimize Conductivity, Doping, and Thickness[END_REF].

From a fundamental standpoint, even in the absence of defects and interfaces responsible for non-radiative recombination, the sub band gap optical properties of a solar absorber layer can strongly influence the maximum open-circuit voltage a material can achieve when integrated into a solar cell. This is because the dark-recombination current density (J0) can be calculated by taking the overlap integral of the black body radiation at the background temperature (T~300K), with the external quantum efficiency spectra of the solar cell. Since the black body radiation spectra at ambient temperature increases exponentially towards lower energies, the overall J0 is most strongly influenced by absorption properties in the sub band gap region of the absorber layer. In the first instance, this can be quantified by the steepness of the absorption onset just below the band gaps, as the aforementioned Urbach energy. If the Urbach energy is less than the thermal energy at the operation temperature (kBT~25 meV at 300K, where kB is the Boltzmann constant), then the A c c e p t e d m a n u s c r i p t additional voltage deficit, beyond that calculated via the Shockley-Queisser (SQ) treatment (which assumes a step function absorption onset), is close to negligible (few tens of meV). However, once the Urbarch energy increases beyond kBT, then the voltage-deficit becomes increasingly significant [START_REF] Nayak | Photovoltaic Solar Cell Technologies: Analysing the State of the Art[END_REF].

We quantified this loss for our Cs2AgBi0.9In0.1Br6 material using the principle of detailed balance. This calculation takes the absorber's absorptance as input and then predicts the VOC assuming that all the recombination is radiative, i.e. in the radiative limit [START_REF] Mahesh | Revealing the Origin of Voltage Loss in Mixed-Halide Perovskite Solar Cells[END_REF][START_REF] Rau | Reciprocity Relation Between Photovoltaic Quantum Efficiency and Electroluminescent Emission of Solar Cells[END_REF]. This in principle provides a lower-bound for the VOC loss, which would be the voltage expected if all other nonradiative recombination paths were eliminated. We performed this calculation under different assumptions to illustrate a range of possibilities, since the properties of this material are not yet entirely understood. Using the measured PDS absorption as input for the detailed balance calculation, we estimate the voltage deficit in the radiative limit to be at least 870 mV, which is 550 mV greater than the S-Q limit Voc. We note that if the tail extends below 1.3 eV (the limit of our detector), the loss is expected to be even more. However, we also consider the possibility that the PDS absorption plateau below 2.1 eV is due to free carrier absorption, or sub-band gap defects which are not part of the continuum of states, and not a fundamental property of the material [START_REF] Zhao | High Open-Circuit Voltages in Tin-Rich Low-Bandgap Perovskite-Based Planar Heterojunction Photovoltaics[END_REF].

When we subtract this panchromatic sub band gap absorption feature (see SI), the resulting ~ 59 meV Urbach tail results in a VOC deficit of 680 mV from band gap, and 360 mV greater loss than in the SQ limit. The mechanism of PL emission in this material is yet unknown. In the case that it is band-to-band recombination, the radiative states can be reconstructed, often to extremely low values, using emission-absorption reciprocity [START_REF] Wurfel | The Chemical Potential of Radiation[END_REF][START_REF] Daub | Ultralow Values of the Absorption Coefficient of Si Obtained from Luminescence[END_REF]. We follow the reciprocity approach and use these reconstructed states to extend our measured absorption spectra down to lower energies (Fig

A c c e p t e d

m a n u s c r i p t 4c). Using this "PL reconstructed absorption spectra" we estimate the VOC deficit to be 470 mV from the band gap, which is only 150 mV greater than the SQ limit.

By definition, the external radiative efficiency (ERE) is below 1. To put this into context, the highest performing Si, GaAs, CdTe and lead-halide perovskite cells have ERE's of ~ 0.01, 0.3, 0.00008, and 0.06 respectively [START_REF] Green | Pushing the Limit: Radiative Efficiencies of A c c e p t e d m a n u s c r i p t[END_REF]52]. In Fig. 4d, we show the open-circuit voltage for our Cs2AgBi0.9In0.1Br6 cell, which we calculate following the detailed balance principle, as a function of ERE. As it is clearly apparent, the fundamental offset from the SQ voltage, related to shallow absorption onset and sub band gap absorptions, remains constant across all values of ERE. As inferred by comparing our achieved open-circuit voltage to the calculated values, the maximum ERE of our cell will range from 10 -10 to 10 -15 , depending upon what is the truest reflection of the absorption edge in this material. This indicates that the primary target for immediate improvement in the Cs2AgBi0.9In0.1Br6 PV cells is to focus upon enhancing ERE.

In conclusion, we have shown that the presence of indium in the Cs2AgBi1-xInxBr6 structure contracts the unit cells and makes the cubic phase more stable, resulting in a reduction of the cubic to tetragonal phase transition temperature. Concerning optoelectronic properties, we found that a small percentage of indium enhances the photoluminescence intensity and improves the photovoltaic performances of devices, showing almost doubled Jsc and PCE when 10% indium is added in the structure. However, these devices remain considerably less efficient than lead halide perovskite PV cells, leading us to assess the losses in the material from a fundamental perspective.

We determine that significant losses in open-circuit voltage are present due to a shallow onset of the absorption edge, combined with significant sub-band gap absorption. However, if improvements can be made to the material to "clean up" the panchromatic sub-band gap absorptions, additional losses beyond that of the SQ limit of only 150 mV would be achievable.

A c c e p t e d m a n u s c r i p t

At present, the majority of the losses originate from low radiative efficiency. This indicates that fundamentally, this material may prove to be useful as a solar absorber material where a wide band gap absorber is required. However, immediate attention is required to understand and mitigate the role and presence of non-radiative defect sites in the absorber material, and the nature of nonradiative recombination and non-selectivity at the charge extraction layer/absorber layer heterojunctions. Concerning the absorber material itself, the band gap is non-ideal for use in PV cells, being too wide at 2.35 eV for optimum use as a top cell in both tandem (Eg ~ 1.65 eV required) and even triple junction cells (Eg ~ 2.05 eV required) [START_REF] H𝑜ranter | The Potential of Multijunction Perovskite Solar Cells[END_REF]. Therefore strategies to reduce the band gap are likely to lead to improved performance and utility. These should probably focus upon strategies to stabilize iodide in the Cs2AgBiX6 framework, or by exploring the broader Ag-Bi halide materials space [START_REF] Jin | A Critical Review[END_REF]. It is probable that indium substitution will be broadly applicable for enhancing the luminescence of these material families. For light emission applications, green and red emission would be favorable for the use of these compounds as phosphors. For that purpose, chlorine doping is likely to prove useful.
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  A c c e p t e d m a n u s c r i p t results of the XRD-fittings on single crystals are shown in Figure S1 in the SI, and they demonstrate excellent crystal quality. Results of the fittings are reported in Table

  s c r i p t

Figure 1

 1 Figure 1 XRD patterns in the region of the (400) peak for a) polycrystalline powders and b) thin films of

Figure 2

 2 Figure 2 Absorption coefficient measured on Cs2AgBi1-xInxBr6thin films from UV-vis measurements and

Figure 3 a

 3 Figure 3 a) Calculated spectral functions for the Cs2AgBi1-xInxBr6 double perovskite for x=0.125, 0.25

Finally, to

  assess if the indium alloying can have a positive effect upon optoelectronic devices, we prepared planar heterojunction photovoltaic devices in the n-i-p architecture, employing SnO2 nanoparticles as the n-type charge extraction layer and doped spiro-OMeTAD as the p-type charge extraction layer. Full details of device fabrication and testing are given in the SI.

Figure 4 a

 4 Figure 4 a) short-circuit current and b) Steady-state open-circuit voltage (box plot) for Cs2AgBiBr6 and

  A c c e p t e d m a n u s c r i p t Efficiency, the red circles and black line the measured PDS without and with a linear background subtraction respectively, and the blue and red dashed line the reconstructed absorption from the PL measured on SC12 and TF10 respectively. d) Open circuit voltage calculated using detailed balance for spectra shown in panel c). The dashed line in this panel indicates the highest open-circuit voltage measured on our devices (see Fig S15b).

  and 4b we show the short-circuit current densities and the open-circuit voltage for a single batch of cells comparing the neat bismuth to the 10% indium alloyed double perovskite, measured under AM1.5 simulated sunlight. We can observe from panel 4a that the addiction of 10% indium improves the short-circuit current in both the reverse and forward scans, and this results in an overall improvement of the PCE shown in the SI. Panel 4b shows the steady-state open-circuit voltage (VSS), we can notice that the spread in data decreases in the measurement of devices with indium, and the steady-state open-circuit voltage is slightly higher.
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