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INTRODUCTION

Lead halide perovskite has emerged as a promising candidate in the field of nanocrystals. [START_REF] Kovalenko | Properties and Potential Optoelectronic Applications of Lead Halide Perovskite Nanocrystals[END_REF][START_REF] Shamsi | Metal Halide Perovskite Nanocrystals: Synthesis, Post-Synthesis Modifications, and Their Optical Properties[END_REF] It becomes possible to grow bright nanocrystals [START_REF] Swarnkar | Colloidal CsPbBr3 Perovskite Nanocrystals: Luminescence beyond Traditional Quantum Dots[END_REF] without using core/shell structure, making traditional II-VI heterostructures such as CdSe/ZnS almost obsolete. [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut[END_REF] While for perovskite thin film the solar cell has been the main targeted application [START_REF] Hodes | Perovskite-Based Solar Cells[END_REF] , under nanocrystal form, this is for lightning that the lead halide perovskite appears as the most promising [START_REF] Yan | LEDs Using Halide Perovskite Nanocrystal Emitters[END_REF] material. There, the defect tolerance [START_REF] Steirer | Defect Tolerance in Methylammonium Lead Triiodide Perovskite[END_REF] is used as a path to avoid surface induced trap states.

It is only later that perovskite nanocrystals have also been considered as a viable material for solar cell design. Since their synthesis was well developed for two years, CsPbI3 nanocrystals already have shown superior performances than those of PbS quantum dot solar cell. [START_REF] Sanehira | Enhanced Mobility CsPbI3 Quantum Dot Arrays for Record-Efficiency, High-Voltage Photovoltaic Cells[END_REF][START_REF] Mir | Strategy to Overcome Recombination Limited Photocurrent Generation in CsPbX3 Nanocrystal Arrays[END_REF][START_REF] Swarnkar | Quantum Dot-Induced Phase Stabilization of α-CsPbI3 Perovskite for High-Efficiency Photovoltaics[END_REF] In spite of these tremendous improvements, perovskites nanocrystals still suffer from two main limitations which are (i) their stability (to air, light, moisture,…) and (ii) their unoptimized band gap energy. CsPbI3 is certainly the most integrated material for the design of lead halide perovskite nanocrystal based solar cells, [START_REF] Ling | 1% CsPbI3 Perovskite Quantum Dot Solar Cells via Cesium Cation Passivation[END_REF] however, its black phase (also called α phase) has a band gap around 700 nm, which renders unabsorbed a significant part of the solar spectrum. Secondly, this phase is easily transformed to the yellow phase (δ phase) which has an even larger band gap. This latter issue has been partly solved by the introduction of a better-suited ligand exchange procedure. However, the band gap remains still 300 meV too large compared with the optimal band gap of a single junction solar cell.

Narrower band gap materials will be of utmost interest. Currently, Cs/FASnI3 is the narrowest band gap material reported (≈1000 nm) for halide perovskite [START_REF] Jellicoe | Synthesis and Optical Properties of Lead-Free Cesium Tin Halide Perovskite Nanocrystals[END_REF][START_REF] Fang | Long-Lived Hot-Carrier Light Emission and Large Blue Shift in Formamidinium Tin Triiodide Perovskites[END_REF] , but the stability issue of tin based material appears to be even more dramatic than for lead based perovskite. Formamidinium (CH5N2 + ) lead iodide [START_REF] Fang | Exciton Recombination in Formamidinium Lead Triiodide: Nanocrystals versus Thin Films[END_REF] (FAPI) is a hybrid material consisting organic and inorganic ions. It is currently one of the best trade-off to combine a reasonably small band gap (i.e. reasonably matching ideal gap to absorb solar light) with stability. [START_REF] Zhao | High Efficiency Perovskite Quantum Dot Solar Cells with Charge Separating Heterostructure[END_REF] The fine electronic structure of FAPI nanocrystals [START_REF] Fu | Unraveling Exciton-Phonon Coupling in Individual FAPbI3 Nanocrystals Emitting near-Infrared Single Photons[END_REF] at the few meV scale, has been controversial during the past years because the exact nature of the ground state (triplet vs singlet) is unclear. [START_REF] Ramade | Fine Structure of Excitons and Electron-Hole Exchange Energy in Polymorphic CsPbBr3 Single Nanocrystals[END_REF][START_REF] Canneson | Negatively Charged and Dark Excitons in CsPbBr3 Perovskite Nanocrystals Revealed by High Magnetic Fields[END_REF][START_REF] Sercel | Exciton Fine Structure in Perovskite Nanocrystals[END_REF][START_REF] Becker | Bright Triplet Excitons in Caesium Lead Halide Perovskites[END_REF][START_REF] Tamarat | The Ground Exciton State of Formamidinium Lead Bromide Perovskite Nanocrystals Is a Singlet Dark State[END_REF] On the other hand, at the eV scale, the electronic structure which really drives the solar cell performances needs to be better revealed. In particular, the nature of the majority carrier (electron vs hole) still remains an open question. This makes that the design of solar cell based on FAPI mostly follows empirical approaches.

In addition, the performance of devices based on lead halide perovskite is strongly driven by the design of interfaces. [START_REF] Sanehira | Influence of Electrode Interfaces on the Stability of Perovskite Solar Cells: Reduced Degradation Using MoOx/Al for Hole Collection[END_REF][START_REF] Schulz | Halide Perovskites: Is It All about the Interfaces?[END_REF][START_REF] Hellmann | The Difference in Electronic Structure of MAPI and MASI Perovskites and Its Effect on the Interface Alignment to the HTMs Spiro-MeOTAD and CuI[END_REF] . Here we combine photoemission and (photo)transport measurement to demonstrate that the Fermi level of this material is located deeply within the band gap and that trap plays a limited role on charge recombination.

To further reveal the nature of the electronic states of FAPI nanocrystal thin film in interaction with the surrounding charge transport layers, we use a non-contact surface photovoltage measurement. This measurement is based on pump-probe photoemission to reveal in situ band alignment and charge transfer at the interface between FAPI layer and electron/hole transport layers. We reveal that hole is the majority carrier in FAPI nanocrystals and we present its band profile and interfaces under dark condition as well as under illumination.

METHODS

Chemicals: PbI2 (Alfa Aesar, 98.5%), formamidinium acetate (Fa(OAC)2, Alfa Aesar, 99%), oleylamine (OLA, Sigma-Aldrich, 80-90%), oleic acid (OA, Sigma-Aldrich), n-hexane (VWR, 99%), n-heptane (Merck, >99%), ethanol absolute anhydrous (EtOH, Carlo Erba, 99.5%), methanol (MeOH, Carlo Erba, 99.8%), toluene (VWR, 99.3%), chloroform (Carlo Erba), octadecene (ODE, Acros Organics, 90%) lead acetate (Pb(OAc)2.2Pb(OH), Alfa Aesar), ethyl acetate (Et(OAc)2, Carlo Erba), and titanium dioxide nanoparticles (TiO2, SOLARONIX Ti Nanoxide BL/SC) Preparation of stock solution of formamidinium oleate: In a 50 mL three neck flask, 392 mg of formamidinium acetate with 18 mL of ODE and 12 mL of OA are mixed. The flask is degassed under vacuum at room temperature. Once vacuum below 1 mbar is reached, the flask is heated at 100 °C. After the salt is fully dissolved, the flask is cooled down and further degassed for 15 min.

FAPI nanocrystal synthesis:

In a 100 mL three-neck flask, 240 mg of PbI2 are stirred in 18 mL of ODE. The flask is degassed at 110 °C under vacuum. After degassing for 20 min, 2 mL of OLA are added. Once vacuum has recovered, 1 mL of OA is added. At this point the lead salt is fully dissolved and the solution turns clear yellow. The atmosphere is switched to Ar and the temperature set at 80 °C, 20 mL of the formamidinium oleate are quickly injected. The solution turns dark red with a bright red luminescence. After 15 s the heating mantle is removed and a water bath is used to cool the flask. The solution is centrifuged at 6000 rpm. The supernatant is discarded and then the formed pellet is redispersed in hexane. Ethyl acetate is added to precipitate the particle a second time. After centrifugation the pellet is dispersed in fresh hexane.

Ligand exchange on FAPI film: Pb(OAc)2 ligand exchange was performed on FAPI nanocrystals. A thin layer (around 20-30 nm) of the nanocrystal solution is deposited on a substrate by spin coating. Meanwhile a saturated solution of Pb(OAc)2 in ethyl acetate is prepared. The solution is centrifuged and only the supernatant is saved. Then the film of FAPI nanocrystal is dipped in the previous solution for 30 s, and then rinsed in pure ethyl acetate for 30 s and subsequently annealed at 100 °C for 2 min. To build thicker films of nanocrystals, this operation can be repeated several times.

MoO3 deposition:

MoOx layer was deposited by thermal evaporation from MoO3 powder. The samples were fixed on evaporation sample holder and introduced in thermal evaporator. Once a vacuum level of 5.10 -6 mbar is reached, MoOx is evaporated on the samples at a rate of 2-3 Å•s -1 monitored with in situ quartz crystal microbalances.

TiOx deposition: we use a commercial TiO2 nanocrystal solution. First, this solution was diluted by a factor of 30 with absolute ethanol. Then, the diluted solution was deposited on samples by spin coating, using the following parameters: 5000 rpm (speed)/1000 rpm s -1 (acceleration)/30 s (duration). The thickness of such a layer is determined to be less than 15 nm with profilometry.

Infrared absorption: for infrared spectroscopy, we use a Fischer Nicolet iS50 FTIR in either Attenuated Total Reflection (ATR) or in transmission configuration. The spectra are averaged over 32 acquisitions and have a 4 cm -1 resolution.

UV-visible absorption:

for UV-visible spectroscopy, we use a JASCO V-730 spectrometer.

X-ray photoemission measurements (XPS):

For photoemission spectroscopy, we use the Tempo beamline of synchrotron Soleil. Some additional core level analysis made on laboratory photoemission instrument are also provided in the supporting information. In this case an Al source is used. Films of nanocrystals are spincasted on a gold coated Si substrate (gold layer is 80 nm thick). The ligand of the nanocrytals are exchanged using the previously described procedures. [START_REF] Mir | Strategy to Overcome Recombination Limited Photocurrent Generation in CsPbX3 Nanocrystal Arrays[END_REF][START_REF] Swarnkar | Quantum Dot-Induced Phase Stabilization of α-CsPbI3 Perovskite for High-Efficiency Photovoltaics[END_REF] Samples are introduced in the preparation chamber and degassed until vacuum below 10 -9 mbar is reached. Then samples are introduced in the analysis chamber. Photons in 60 eV to 1000 eV energy range are used. The signal is acquired onto a Scienta Ses2002 electron analyzer equipped with a delay line detector developed by Elettra [START_REF] Bergeard | Time-Resolved Photoelectron Spectroscopy Using Synchrotron Radiation Time Structure[END_REF] . Acquisition is done at constant pass energy within the detector. Core levels are acquired with a 100 eV pass energy, while time resolved measurements are conducted with a 200 eV pass energy. A gold substrate is used to calibrate the Fermi energy. The absolute value of the incoming photon energy is determined by measuring the second harmonic of Pb core level peaks. Low binding energy part of the photoemission spectrum is used to determine the value of the valence band maximum with respect to the Fermi level, VB-EF. Then the energy of the conduction band is determined from the valence band offset of the absorption gap. Finally, the work function is determined by measuring the cut-off of secondary electrons.

DISCUSSION

We start by synthetizing FAPI nanocrystals (NCs) with previously reported method. [START_REF] Protesescu | Monodisperse Formamidinium Lead Bromide Nanocrystals with Bright and Stable Green Photoluminescence[END_REF] The obtained NCs have a cubic shape (see transmission electron microscopy image in Figure 1b) and cubic lattice according to Xray diffraction (Figure S1). [START_REF] Protesescu | Dismantling the "Red Wall" of Colloidal Perovskites: Highly Luminescent Formamidinium and Formamidinium-Cesium Lead Iodide Nanocrystals[END_REF] The band edge energy, determined from the photoluminescence spectrum is found to be 1.65 eV, see Figure 1a. The absorption spectrum is barely structured, which suggests a lack of quantum confinement in this material. The latter observation is consistent with the size of the FAPI nanoparticle (>10 nm) which is larger than the material Bohr radius (5.5 nm). 28 We then have investigated the transport properties of thin film of FAPI NCs. To render them conductive, we use the same procedure as the one developed for CsPbI3, [START_REF] Sanehira | Enhanced Mobility CsPbI3 Quantum Dot Arrays for Record-Efficiency, High-Voltage Photovoltaic Cells[END_REF] where the initial long capping ligands (oleylamine) are stripped by dipping the film in ethyl acetate. Identical procedure is also used to prepare the film for photoemission to avoid film charging. Under illumination by a light source with photon energy larger than the band gap, we observe an increase of the conductance by two orders of magnitude, see Figure 1c. The power dependence of the current with the incident light can be reasonably fitted by a power law, of which exponent is close to ½, see Figure 1d. Such dependence of the photocurrent on the incident photon flux suggests that photo-carrier generation is limited by bimolecular process (i.e. band to band recombination) rather than by trapping (monomolecular process). [START_REF] Willis | Controlling Nanogap Quantum Dot Photoconductivity through Optoelectronic Trap Manipulation[END_REF] This is consistent with previous results for transport in lead halide perovskite NC film. [START_REF] Mir | Strategy to Overcome Recombination Limited Photocurrent Generation in CsPbX3 Nanocrystal Arrays[END_REF] The temperature dependence on the current is given in Figure 1e. The activation energy around room temperature can be obtained from an Arrhenius fit of the current, a value of 295 meV has been extracted from our measurements. In such array of NC, the transport is driven by hopping and the activation energy is mostly the result of the thermal activation of the carrier density. From this activation energy, we can conclude that the Fermi level is at least 300 meV away from any band which suggests that the Fermi level is deeply located within the band gap. The absolute energy levels of the FAPI sample are then revealed using photoemission made at Tempo beamline of Synchrotron Soleil. The sample presents contributions of C, N, Pb and I from the FAPI and a limited O contamination, see the survey spectrum in Figure 2a. The analysis of core levels is shown in Figure 2b-e. The I 4d state appears with a single contribution at a binding energy of 49.36 eV (the full width at half maximum (FWHM) is 0.79 eV, while the spin-orbit coupling (SO) is 1.7 eV). The Pb 4f state reveals two contributions appearing at 136.91 eV and 138.44 eV (FWHM = 0.73 eV, SO = 4.86 eV), which are attributed to Pb 0 and Pb 2+ , respectively. The C 1s contribution appears to have at least three contributions (BE = 284.46 eV; 285.27 eV and 286.35 eV, FWHM = 1.13 eV) which are mixtures with carbon resulting from air exposure and the one from formamidinium and ligands. The N 1s state is made of two components appearing at binding energy of 398.51 eV and 400.72 eV (FWHM = 1.74 eV). These two contributions are associated with the nitrogen from the oleylamine [START_REF] Dufour | Halide Ligands To Release Strain in Cadmium Chalcogenide Nanoplatelets and Achieve High Brightness[END_REF] used as a capping ligand and the one from the formamidinium. [START_REF] Shallcross | Determining Band-Edge Energies and Morphology-Dependent Stability of Formamidinium Lead Perovskite Films Using Spectroelectrochemistry and Photoelectron Spectroscopy[END_REF] The analysis of the cut-off of the secondary electron reveals a work function of 4.05 eV, see Figure S3. Note that it is very close to the value found for CsPbI3 which is 4.1 ± 0.05 eV. [START_REF] Mir | Strategy to Overcome Recombination Limited Photocurrent Generation in CsPbX3 Nanocrystal Arrays[END_REF][START_REF] Zhang | Bright Perovskite Nanocrystal Films for Efficient Light-Emitting Devices[END_REF] The vicinity of these two values relates to the fact that in lead halide perovskite material, the states close to the Fermi level mostly result from lead orbitals, which give rise to similar values between these two compounds. [START_REF] Lee | Comprehensive Understanding and Controlling the Defect Structures: An Effective Approach for Organic-Inorganic Hybrid Perovskite-Based Solar-Cell Application[END_REF] The analysis of the valence band is generally used to determine the exact position of the Fermi level within the band gap. The Fermi level in the lower half of the band gap is associated with a p-type nature (i.e. hole as majority carrier), while a Fermi level in the upper part of the band gap is associated with a n-type semiconductor with electron as majority carrier. As expected, from the transport measurement, the photoemission signal reveals a Fermi level very close to the middle of the gap, see Figure 2f and S4. However, depending on the photon energy used to probe the valence band, the Fermi level can be determined just below or above the middle of the gap. In other words, the limited accuracy of the measurement and method to extract valence band maximum (≈50 to 100 meV), prevents a clear determination of the majority carrier. In addition, the exact determination of the valence energy level becomes even more difficult once the FAPI material is coupled to metal oxide charge transport layers. Indeed, the metal oxide being defective, oxygen vacancies leads to low binding energy states (see Figure S5) which hide the semiconductor valence level. [START_REF] Greiner | Transition Metal Oxide Work Functions: The Influence of Cation Oxidation State and Oxygen Vacancies[END_REF][START_REF] Greiner | Thin-Film Metal Oxides in Organic Semiconductor Devices: Their Electronic Structures, Work Functions and Interfaces[END_REF] Thus, alternative methods to standard photoemission are required to obtain a clear determination of the energy level profile.

To extract the clear band profile of the FAPI nanocrystals film, we conducted pump-probe photoemission measurement, of which working principle is explained in Figure 3a. A pulsed laser (640 nm) is used to generate an exciton in the semiconductor because of the photon energy being larger than the band gap of FAPI. Then, the signal from a core level (Pb 4f) using photon at 600 eV are probed. The photoemission spectrum is then collected every 10 ns. Each spectrum is fitted with two gaussians and we then follow the shift of the maximum of each gaussian as a function of time. This approach leads to higher resolution compared with static photoemission.

The signal obtained from pristine FAPI nanocrystals film is given in Figure 3b. Under illumination, we observe a decrease of 25 meV in the binding energy of the Pb 4f state. Such a decrease of the binding energy is the signature of a downward band bending as expected for a p-type semiconductor [START_REF] Spencer | Time-Resolved Surface Photovoltage Measurements at n-Type Photovoltaic Surfaces: Si(111) and ZnO(101 ̅ 0)[END_REF][START_REF] Bergeard | Time-Resolved Photoelectron Spectroscopy Using Synchrotron Radiation Time Structure[END_REF][START_REF] Spencer | Chemically-Specific Time-Resolved Surface Photovoltage Spectroscopy: Carrier Dynamics at the Interface of Quantum Dots Attached to a Metal Oxide[END_REF][START_REF] Livache | Charge Dynamics and Optolectronic Properties in HgTe Colloidal Quantum Wells[END_REF] . The turn-on time, see Figure 3c, is associated with the displacement of the minority carrier toward the surface, which tends to reduce the surface band bending. The duration of the electron displacement to reach a new equilibrium condition of the interface band alignment lasts for 150 µs. Once the light is turned off, the hole then moves from the bulk and recombines with the electron accumulated at the surface under illumination. As the number of electrons at the interface will be reduced, the quasi-flat band will bend downward and finally restore the ptype interface, see Figure 3d. The decay time of the binding energy is found to be 1.4 ms and relates to the transport duration of the majority carrier to the surface. It is worth to compare the obtained majority lifetime with the one determined for PbS quantum dot which was up to recently one of the most studied material for quantum dot-based solar cell. For PbS NCs, the turn-on and-off time have been determined to be around 63 and 210 µs, respectively. [START_REF] Spencer | Charge Dynamics at Heterojunctions for PbS/ZnO Colloidal Quantum Dot Solar Cells Probed with Time-Resolved Surface Photovoltage Spectroscopy[END_REF] The longer living time obtained in FAPI suggests that there is less recombination path for carrier in FAPI than in PbS. This result is consistent with a defect tolerant character of electronic structure as expected for lead halide perovskite material.

Figure 3 a. Scheme of the pump-probe photoemission experiment. A laser diode at 640 nm is used to excite the FAPI nanocrystals film, while the probe is the synchrotron beam at 600 eV. Photoemission of the Pb 4f state is then followed as a function of time. b. Energy of the Pb 4f state of FAPI nanocrystals film as a function of time, as the laser light at 640 nm is turned on and off. c. Scheme of the band bending occuring in a p-type semiconductor film under illumination and d. after the illumination is turned-off.

We then investigate the interfaces of FAPI with electron and hole transport layers, see Figure S6 for XPS overview spectra. We have chosen TiOx and MoOx electron and hole transport layers, respectively. A conventional diode structure [START_REF] Swarnkar | Quantum Dot-Induced Phase Stabilization of α-CsPbI3 Perovskite for High-Efficiency Photovoltaics[END_REF][START_REF] Hellmann | The Difference in Electronic Structure of MAPI and MASI Perovskites and Its Effect on the Interface Alignment to the HTMs Spiro-MeOTAD and CuI[END_REF][START_REF] Akkerman | Strongly Emissive Perovskite Nanocrystal Inks for High-Voltage Solar Cells[END_REF] for lead halide perovskite generally includes an additional layer of spiro-OMeTAD as hole transport layer in the vicinity of the perovskite. However, because of its continuous character, the presence of such layer would have prevented the extraction of the photoelectrons. We consequently remove this layer and explore the direct effect of hole extraction layer on MoOx. The thin layer of TiOx is obtained by spin coating, being formed by commercial TiOx precursor for the FAPI film, while the MoOx layer is thermally evaporated. The atomic force microscopy represents that the FAPI film remains fairly smooth, see Figure S2. The analysis of the photoemission peak for Ti 2p and Mo 3d, are shown in Figure S7 and S8. It reveals that both materials are slightly non stoichiometric. Ti shows two oxidation states +III and +IV state, whereas Mo exhibits three contributions from three oxidation states consisting of +IV, +V and +VI. In general, perfect stoichiometry for oxides will have required a high temperature (T > 300 °C) annealing step under oxygen, which would damage irreversibly the FAPI nanocrystals.

Regarding the FAPI in contact with the electron transport layer (i.e. TiOx), the time-resolved photoemission reveals a slight downward band bending (Figure 4c) at the interface evidenced by the increased Pb 4f binding energy of about 50 meV, see Figure 4a, facilitating electron extraction. Standard photoemission, Figure S7, reveals that Ti get oxidized in the presence of FAPI nanocrystals as shown by the disappearance of the +III contribution in Ti 2p components. This effect can be interpreted as an electron transfer from the TiOx to the FAPI layer. Reverse effect is observed when FAPI is in contact with the hole transport layer (MoOx). Under illumination, time-resolved photoemission presents an inverted shift (Figure 4b), which suggests a slight upward band bending at the interface between FAPI and MoOx, see Figure 4d. Moreover, the analysis of the Mo 3d in Figure S8, clearly shows a change in the relative weight of the different contribution of the redox state of Mo. The +V state is more favored than the + VI state, which is a signature of the MoOx reduction suggesting an electron transfer from the FAPI to the MoOx layer as already observed in the case of bulk methylammonium lead iodide. [START_REF] Schulz | High-Work-Function Molybdenum Oxide Hole Extraction Contacts in Hybrid Organic-Inorganic Perovskite Solar Cells[END_REF] It is worth pointing that the recovery time of the dark band bending condition is typically four times longer at the MoOx interface than for the TiOx interface (380 µs for MoOx and 1.7 ms for TiOx). We can also notice that the magnitude of the light induced shift is around 50 meV for both interfaces, this is much smaller than the shift induced by the interface. From our experimental findings, we propose a full description of FAPI NCs in contact with hole and electron transport layer, in the dark and under illumination. In Figure 4c andd, FAPI NCs adopt a n-type character at the TiOx interface whereas a p-type character is given by the MoOx interface.

CONCLUSION

To summarize, FAPI appears an interesting platform for the design of NC based solar cell because of its higher stability compared to CsPbI3 and its slightly narrower band gap. Conductive film of the material can be obtained using similar method as developed for the black phase of CsPbI3 (i.e. by stripping ligand in ethyl acetate). In addition to photoconduction, transport measurement reveals a limited role of the trap in the charge recombination and the Fermi level deep in the band gap. The latter prediction is confirmed using Xray photoemission spectroscopy, which reveals the Fermi level is closely located to the middle of the band gap. Pump-probe time resolved photoemission reveals a p-type nature for the surface of pristine FAPI nanocrystals film. Once in presence with TiOx used as electron transport layer, the downward band bending of FAPI NCs is increased and we observe signature from an electron transfer from the TiOx to the FAPI. The reverse effect (upward band bending) is observed at the interface of FAPI NCs with MoOx used as hole transport layer. We finally propose a full description of the energy landscape of FAPI nanocrystals film and its interface with both electron and hole transport layers.

SUPPORTING INFORMATION

Additional informations include X-ray diffraction, AFM and additional photoemission measurements.
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Figure 1 a

 1 Figure 1 a. Absorption and photoluminescence spectra of a FAPI nanocrystals film. b. Transmission electron microscopy image of FAPI nanocrystals. The inset is a higher magnification image. c. I-V curves of a FAPI nanocrystals film under dark condition and under illumination (λ = 405 nm and P = 3 mW), at room temperature. d. Current as a function of the incident power (λ = 405 nm) for a FAPI nanocrystals film. e. Current as a function of temperature for a FAPI nanocrystal film in the dark.

Figure 2 a

 2 Figure 2 a. Overview of the photoemission spectrum for a FAPI nanocrystals film. The photon energy is set at 600 eV. Photoemission spectra relative to the core level of N 1s (b.), C 1s(c.), Pb 4f (d.) and I 4d (e.) states. f. Energy profile of a FAPI nanocrystals film with downward band bending at the surface as revelad by pump-probe time resolved photoemission.

Figure 4

 4 Figure 4 Binding Energy of the Pb 4f state as a function of time, during light on and off, for a FAPI nanocrystals film with a. TiO2 b. MoO3 deposited on it. In part a and b the red line is obtained by averaging the experimental points. c and d are respectively the energy profiles of a FAPI nanocrystals film and its interfaces with TiOx and MoOx. For interfaces, black full curves are band alignement in the dark, while dotted grey line are obtained under illumination.