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Ionic and Poly(ionic liquids) as Perovskite Passivating Molecules for Improved Solar Cell Performances

Perovskite solar cell devices have improved significantly in efficiency and are on the verge to commercialization. However, device stability has not yet been fully met. In this paper, we use a K + -doped formamidinium (FA)-based perovskite, which has been shown to be an ideal perovskite composition for fabricating efficient solar cells with low hysteresis and better stability compared to MA-free perovskite materials. Nevertheless, in order to further progress on the device's performance and stability, additives were employed. While in the literature different types of additives have been used, in particular ionic liquids (ILs) and polymers, the novelty of this work lies in the use of poly(ionic liquids) (PILs) as additives for the absorber layer, which have been used only recently as perovskite passivation agent. The PILs were chosen for their high ionic conductivity and their hydrophobic nature in a macromolecular structure.

Here we show a direct comparison between the performances of devices obtained by adding a passivation IL (tBMPy-TFSI) and its polymeric version PIL (PVMPy-TFSI) in the perovskite layer. Preliminary studies show that the addition of both additives promotes improved solar cell performances and reduces the degradation rate during measurement. In particular, while the IL mainly induces higher solar cell performances due to the increase in VOC and FF, PIL promotes higher JSC, performance stability under illumination and significantly reduces the J-V hysteresis index, to approach 0% under AM1.5G illumination. Thus, both ILs and PILs are valuable passivation molecules for perovskite grain boundaries, promoting charge diffusion and protecting the perovskite layer from external agents that may induce degradation. We believe that PIL additives present attractive prospects for stable perovskite solar cell devices.

Introduction

Since 2009, part of the photovoltaic community has shown a tremendous interest in perovskite materials for solar cell (SC) applications and achieved quickly outstanding device performances. 1,2,3 Today, only 13 years after their advent, perovskite solar cells (PSCs) have achieved up to 25.7% certified power conversion efficiency (PCE), 4,5 thus reaching similar performances to that of crystalline silicon (26.1%). 5 However, although industrial partners show great interest in such efficient and cheap alternative renewable energy source, the long-term stability of PSCs remains one of the main issues. In the last years, numerous studies concerning perovskite device stability have been reported in the literature, resulting in a great improvement of the device durability and thus bringing this technology very close to commercialization. However, there are still concerns about these devices being able to last as much as silicon solar cells (i.e. > 25 years), in particular because the most promising technology for future commercialization are perovskite/silicon tandem devices, made of a top perovskite solar cell and a bottom silicon solar cell, which up to date have achieved an efficiency of 29.8% by the Helmholtz Zentrum Berlin. 5 It is therefore a key requirement to reach similar life expectancy for both solar cells. In order to improve the shelf life of PSCs, research groups have a) employed different encapsulation methods, 6 b) used alternative perovskite compositions, 7 c) studied methods for perovskite interfacial engineering, passivation and doping, 8,9 and d) used alternative transporting materials. For example, regarding the hole transporting material (HTM), work has been presented to replace 2,2',7,7'-Tetrakis[N,N-di(4methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) in n-i-p device architectures, obtaining higher environmental stability. 10,11 In addition, the stability of devices has been improved by using doping strategies for both HTM and the perovskite layer, 12,13,14 while recent studies focus on the perovskite passivation, by using additives which, not only help to improve the device stability, but also induce improved device performances. 15 In the literature, small molecules, including ionic liquids (ILs), and large molecules, such as polymers, have been employed as additives. Various small molecules (non-IL) additives were used in PSCs such as alkylphosphonic acid ωammonium chlorides, 16 thiophene and pyridine Lewis bases, 17 or quaternary alkyl ammonium cations. 18 In particular, Wu et al.

have used pentaerythritol tetrakis(3-mercaptopropionate) (ML) spin-coated on top of the perovskite layer, to passivate uncoordinated Pb 2+ and suppress the formation of Pb 0 defects, which are responsible for the poor performances of the device, in particular regarding the limited VOC. 19 Alternatively, an increasing attention has been devoted to the use of molecular ILs. 20 The reason for this increased interest is that ILs exhibit several advantages such as high ionic conductivity, low vapor pressure, and excellent thermal and electrochemical stability which make them suitable candidates for controlling the growth of perovskite crystals, modifying interfaces, doping the perovskite and the hole transport material and improving the stability of PSCs. 21,22,23 For instance, regarding the absorber layer, Shahiduzzaman et al. have demonstrated that low concentrations of 1-hexyl-3-methylimidazolium chloride may improve the perovskite morphology and the light absorption. 24 Seo et al., have shown that by adding methylammonium formate (MAF) they achieved highly oriented and pure perovskite crystals. 25 Doping the perovskite layer with 1-Butyl-3methylimidazolium tetrafluoroborate (BMIMBF4) also brought to a considerable improvement of the device stability, achieving a PCE loss of less than 5% under full illumination at c.a. 75°C for more than 1800 hours. 26 Finally, ILs were used as an interfacial layer between the electron transport layer (ETL) and the perovskite for enhancing device performance and/or stability. 27,28,29,30,31,32 It was shown that polar ILs induce a dipole formation at the charge transport/perovskite layer interface improving the energy level alignment owing to reduced interfacial energy barriers. Polymer additives have been investigated too. For example, polyethylene glycol (PEG) and polymethyl methacrylate (PMMA), were used for controlled crystal growth and hence higher device performances. 33,34 In 2017, L. Zuo et al. 35 and B. Chaudhary 36 have shown that the pyridine group of hydrophobic poly(4-vinylpyridine) (P4VP) can passivate the uncoordinated Pb atoms on the perovskite surface, improving both the device efficiency and stability. Later, in 2019, T. Han et al. 37 used poly(propylene carbonate) (PPC) to dope the perovskite layer, using the Lewis-base polymer to crosslink the perovskite and enhance the device stability towards light, moisture, and heat. More recently, the modulation of both perovskite crystallization and electronic properties by adding a polymeric room-temperature molten salt yielded efficient and stable inverted PSCs. 38 However, despite recent interest in poly(ionic liquid)s (PILs) in chemistry and material sciences, only a couple of studies deal with the use of poly(ionic liquids) (PILs) in PSCs. Compared to ILs, PILs give rise to better spatial control, show enhanced stability and durability while keeping good ionic conductivity. 39,40 In this context, in our previous work we have shown that PILs can be used as additives for the hole transporting material, in the form of poly(1-butyl-3vinylimidazolium bis(trifluoromethylsulfonyl)imide) (PVBI-TFSI) and obtained higher device performances compared to devices using standard HTM doping. 41 Furthermore, improved stability and performance were recently reported for inverted p-i-n PSCs involving poly(1-ethyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide) (PeIm-TFSI) as an interfacial layer between a triple cation perovskite film and a C60-based ETL. 42 In this context, we herein demonstrate that PILs are efficient additives also for n-i-p formamidinium (FA)-based PSCs and we compare the corresponding device performances with those of solar cells doped with ILs. The study is performed on a potassium-doped FA-based perovskite with the following composition: K0.025(Cs0.1FA0.9)0.975PbI3. The potassium (K + ) doping is used to reduce the hysteresis of MA-free perovskite, as previously demonstrated by H. Segawa research group, 43 while the MAfree perovskite is chosen due to its improved device stability compared to the MA-based counterpart, 44 particularly due to better thermal and long-term stability. However, FA + cation being larger than MA + , the pure FAPbI3 perovskites shows thermodynamic instability, with fast transition towards a nonphotoactive phase (δ-phase). This is prevented by adding small amounts of Cs + , which however have a negative effect on operational stability and sensitivity towards humidity. 45 Addition of ILs and PILs in the perovskite layer allows passivation of the perovskite surface and protection against degrading factors, with particular regard to water. Hence, by taking advantage of all these features, the PSCs fabricated in this work show improved PCEs, insignificant hysteresis, and improved retention of PCE over time (by measuring maximum power point (MPP) under illumination). A typical perovskite n-ip device architecture was selected for this scope, with the perovskite layer sandwiched between a TiO2 ETL (compact and mesoporous) and a spiro-OMeTAD HTM layer, as shown in Fig. 1a. The perovskite layer was prepared by including additives (see SI, Section 4) in the precursor solution. The IL and PIL employed include tert-butyl methyl pyridinium and poly(vinyl methyl pyridinium) cationic units, and various counter-ions such as iodide (I -), tetrafluoroborate (BF4 -) or bis(trifluoromethane)sulfonimide (TFSI -). For instance, chemical structures of tert-butyl methyl pyridinium bis(trifluoromethane) sulfonimide (tBMPy-TFSI) and poly(vinyl methyl pyridinium bis(trifluoromethane)sulfonimide) (PVMPy-TFSI) are shown in Fig. 1b. The cationic part is a quaternary ammonium (QAHs), which has proven to be a powerful passivation molecule as extensively shown in the literature. 46 

Results and discussion

The synthetic scheme of the different compounds, shown in Schemes S1 and S2 (SI), follows the typical two-steps pathway used for the preparation of ionic liquids. 39,47 First, an organic salt precursor is formed using the alkyl halide of the desired substituent: for this work iodomethane has been used to insert the methyl moiety on the nitrogen, leaving iodide ion as counter anion. The second step is an ion exchange, typically followed by the phase separation of the desired derivatives. Thus, lithium-TFSI was used in water as source of TFSI -anions, resulting in a quantitative precipitation of the desired ionic couple, for both IL and PIL (see SI, Sections 2 and 3). 1 H-NMR, 19 F-NMR and 13 C-NMR analyses confirm the formation of the two expected compounds for tBMPy-TFSI and PVMPyTFSI (Fig. S3-5 and Fig. S8-10 respectively). In particular, the AA'BB' pattern in the 1 H-NMR spectra belonging to the aromatic proton appears as two doublets in the case of the single-molecule and two wide signals in the case of the polymer, around 8 ppm. The methyl located on the nitrogen appears well-defined at about 4 ppm in both spectra and the protons of the tert-butyl group lead to a sharp signal at 1.2 ppm in the case of the IL. Finally, in the case of the PIL, the carbonaceous backbone is represented as group of signals at around 2.3 ppm. A similar strategy has been followed to prepare PVMPy-BF4. Potassium tetrafluoroborate has been used to induce a precipitation in water of the exchanged iodide starting materials. The molecular weight of the PIL used is 60 kg/mol which showed higher solubility in the perovskite precursor solution compared to 120 kg/mol polymer analogue. Thus, the latter was not considered in the following. For the device fabrication, three case scenarios were considered: i) pure perovskite solution (i.e. without additive), ii) perovskite with IL and iii) perovskite with PIL. First, the influence of the counter-anion nature in PIL on the photovoltaic performances was investigated. Although in the literature the main counter ions for alkyl ammonium passivating molecules are halides or BF4 -, 26 we found that higher device PCEs and more stable MPP analysis are obtained using TFSI -as counter-ion instead of I -and BF4 -, as depicted in Fig. 2a andS12. The improved stability observed with TFSI -anion can be related to its highly hydrophobic nature that may be beneficial for the protection of the perovskite layer from humidity. Furthermore, using Density Functional Theory (DFT) calculations, P. Caprioglio et al. highlighted the presence of high interaction between nitrogen (from TFSI -) and under coordinated lead atoms on the perovskite surface, 42 demonstrating that TFSI -is a suitable counter anion for perovskite passivation. As a result, only tBMPy-TFSI and PVMPy-TFSI were further investigated for the IL versus PIL comparison study. Indeed, their organic composition is very similar, the organic counter anion remains unchanged (bis(trifluoromethane)sulfonimide, TFSI -) and the only difference concerns the macromolecular structure of PVMPy-TFSI polymer, compared to the tBMPy-TFSI molecular compound. The influence of the additive amount in the perovskite layer was then evaluated for tBMPy-TFSI and PVMPy-TFSI. In both cases, the optimal concentration was found to be 0.15% mol, as indicated by the device performance studies as a function of additive concentration shown in Fig. 2, Fig. S13 andS14. In particular, Fig. S14 shows that higher PCEs can be obtained at higher concentrations (0.6 %mol), but the error bars indicate lower reproducibility. This can be attributed to PIL solubility issues at high concentrations, as shown in Fig. S11. Thus, the 0.15 mol% concentration was used as the optimized content since it led to high PCEs with excellent reproducibility. Fig. 3a shows the photovoltaic performances of the devices. While the average PCE for perovskite devices without additives reached 19.2%, the IL and PIL perovskite devices led to higher average efficiencies, i.e. 19.8% (± 0.33) and 19.5% (± 0.08) respectively. Not only does the efficiency of devices increase with the addition of IL and PIL additives, but the statistical error decreases, in particular for PVMPyTFSI, showing improved reproducibility. The higher device PCE is triggered by the increased VOC and FF in the case of tBMPy-TFSI, and by the higher JSC in the case of PVMPy-TFSI. The additives are assumed to saturate surface uncoordinated ionic sites, such as Pb 2+ and I -which have been classified as the main surface traps causing recombination. 48 The VOC enhancement obtained with IL is a consequence of the reduced charge recombination losses at the surface of perovskite layer as indicated by higher steady state photoluminescence (PL) (Fig. S15a). Furthermore, the JSC enhancement found for PIL is related to faster charge extraction at TiO2/perovskite and Perovksite/spiro-OMeTAD interfaces as revealed by the lower PL intensities measured for perovskite with PVMPy-TFSI (Fig. S15b andc). Representative J-V curves of these devices are shown in Fig. S16. No significant differences between forward and reverse scans are detected which is in agreement with the fact that hysteresis index (HI) of undoped K0.025(Cs0.1FA0.9)0.975PbI3 perovskite solar cells is typically low (< 3.5%) due to the K + perovskite doping. 43 Nevertheless, as shown in Fig. 3b, the hysteresis factor of devices with the perovskite containing IL and PIL additives further decreases. tBMPy-TFSI/perovskite devices show HI of 1.8%, whereas PVMPy-TFSI/perovskite devices produce J-V curves with HI as low as 0.2%. The reason for the reduced hysteresis in J-V curves of devices with perovskite including additives can be related to grain boundary passivation. Indeed, it is known that grain boundaries are responsible for trapping charge carriers, due to crystalline defects. 49 In addition, these imperfections are responsible for high recombination rates which largely contribute to hysteresis. 50 Therefore it can be assumed that additives such as ILs and PILs passivate the uncoordinated atoms, reducing the amount of traps, and hence contributing to a lower hysteresis factor. Specifically for tBMPyTFSI and PVMPyTFSI, J-V results show that the PIL is more efficient in doing so. Preliminary insights in the device stability under illumination were inferred from MPP measurements of the device's normalized PCE over time (Fig. 3c). Since these measurements were performed in a dry room (with a relative humidity (RH) comprised between 1.6 and 2.1%), the effect of water degradation is not contemplated and only light is taken into account. The degradation rate (which is indicated by the slope of the PCE trend over time) of the standard perovskite device occurs quickly, whereas different behaviours occur for the devices with additives. Devices including a tBMPy-TFSI/perovskite layer show a reduced degradation rate compared to the undoped perovskite devices, while the addition of PVMPy-TFSI greatly decreases the rate. Furthermore, the initial effect of light is intriguing: while the pure perovskite and the perovskite with IL devices show an immediate drop of PCE when light is applied, the PIL devices show an initial increase in PCE over the first 15 seconds. This effect can be due to heat or light which can trigger the uniform diffusion of the polymer on the perovskite surface. In turn, higher ion passivation takes place inducing an improvement of the device performance after a few seconds of illumination. Because of this effect, light soaking on the PIL devices prior to J-V measurement, would have further increased the PCE of perovskite devices containing PVMPy-TFSI but for comparison purposes, the initial PCE was taken for all devices. To rationalize the improvement in efficiency and light stability along with the hysteresis decrease for perovskite devices using IL and PIL additives, surface composition and energetics of the perovskite layers were investigated by X-ray and Ultra-Violet photoelectron spectroscopy (XPS/UPS), and the crystalline, optical and morphological characteristics of the perovskite layer were determined by XRD and scanning electron microscopy (SEM) analysis. The distribution of the additives at the perovskite layer surface was first evaluated by XPS spectroscopy using two modes, a conventional one (take-off angle 90°) and a more surface sensitive one (take-off angle 30°) (Fig. S17). Whatever the sample studied and the mode used, C 1s, N 1s, I 3d, I 4d, Pb 4f, Pb 5d, and Cs 3d core level binding energies were consistent with the presence of CsFAPbI 3 (Table S1) 51 with no evidence of metallic lead 52 and the amount of potassium was too low to be detected. Furthermore, F1s and S2p core level features, along with an additional component in the C 1s region at 293-294 eV typical of -CF3 groups, were only observed for films including additives confirming the presence of IL or PIL in the layer (Fig. S18). Moreover, according to surface stoichiometry determination (Table S2), the relative amount of fluorinated species, i.e. of additives, determined using the surface sensitive mode (take off angle of 30°) is higher for IL than for PIL additives. By contrast, the conventional mode led to a higher amount of fluorinated species in the case of PIL. A larger amount of IL than PIL was therefore located at the perovskite layer surface, i.e. at the perovskite/spiro-OMeTAD interface in PSCs, while the PIL content increases from the top of the surface to the bulk of the film. In addition, energy shifts to higher energies for core level signals (N 1s, Cs 3d, I 3d, I 4d, Pb 4f, Pb 5d) belonging to the perovskite material of 0.2 eV and 0.1 eV for the perovskite film without additive and with IL, respectively, were observed in the case of the spectra recorded for a take-off angle of 90° compared to those obtained at 30° (Fig. S19). In contrast, no energy shift was found for the perovskite film with PIL which may indicate that PIL is more localized in the bulk of the perovskite layer than IL. Furthermore, compared to neat perovskite films that shows the expected emission bands for lead iodide perovskites, 53 UPS spectra of perovskite layers with IL or PIL additive exhibit new spectral features in the binding energy range of 6-8 and 10-12 eV that can be attributed to the pyridinium and sulfone contributions (6-8 eV) and to TFSI anion contributions (10-12 eV), 54 evidencing the presence of the additive (Fig. S20). The higher intensity of additive features in the binding energy range of 6-8 and 10-12 eV for the layers with IL also confirms a higher IL content at the surface (< 2 nm) of the perovskite film compared to the layer including PIL (Fig. S20). In addition, careful determination of the electronic parameters from the UPS spectra of the different films studied (Table S3) provides a static picture of the band alignment of the different materials making up the devices (Fig. 4). In each case, a favourable band alignment was observed, compared to the device without any additives. More interestingly, the energy difference between the valence band maximum of the perovskite and the Highest Occupied Molecular Orbital (HOMO) of spiro-OMeTAD was found to be 0.15, 0.3, and 0.4 eV for the system with IL, with PIL, and without additive, respectively. Therefore, the higher V OC value found for the device involving the perovskite layer with IL additive can be attributed to the lower energy level offset for the transfer of holes from the perovskite to spiro-OMeTAD. Indeed, an increase in VOC has been reported when the HOMO of the hole transporting materials is closer to the valence band maximum of the perovskite absorber, due to rise of the built-in field and lower thermionic losses for the collected holes. 55,56 Furthermore, XRD patterns show that the crystalline structure does not change by adding additives to the perovskite (Fig. 5a). Note that the amount of lead iodide (PbI2) in the perovskite layer, as evidenced by the peak at 12.6° 2θ, which is attributed to (001) PbI2, depends on the preparation conditions. Thus, the perovskite fabricated with tBMPy-TFSI exhibits no significant presence of PbI2. By contrast, the perovskite without additive shows a small amount of precursor material while the perovskite containing PVMPy-TFSI additive exhibits a larger content in lead precursor. It is believed that PVMPy-TFSI causes the complexation of PbI2 in the perovskite precursor, which is confirmed by the formation of smaller perovskite grains, as shown next. This complexation produces a reduction of trap states which explains the higher device performances compared to the pure perovskite devices. 57 SEM comparison between perovskite layers (pure, with IL, and with PIL) in Fig. 5b-d, shows that while tBMPy-TFSI has no significant impact on the crystal dimension, PVMPy-TFSI has. The perovskite with PIL additive produce films with smaller crystals (< 0.5 µm diameter) compared to the pure perovskite layer (i.e. 0.6 µm on average). Although larger grains are generally preferred to achieve longer charge diffusion lengths and increased stability, in this case the grains are slightly smaller compared to pure perovskite, but more compact and with less pronounced grain boundaries. Therefore, the passivation effects triggered by the PIL additive, compensate for the presence of smaller grains, for which the device with additives has achieved increased efficiency and stability. In addition, the improved efficiency of devices containing tBMPy-TFSI may be related to the highly oriented and compact perovskite grains, as shown in Fig. 5c, which may be a consequence of delayed crystallization during film formation. This effect is similar to the observation made by Seo et al., who showed that by adding methylammonium formate (MAF) IL, they obtained highly oriented and pure perovskite crystals. 25 Interestingly, when perovskite layers are exposed to light (AM1.5G) and heat (80 °C), the surface morphology shows intensive changes (Fig. S21). Nevertheless, both conditions show that bare perovskite layers undergo stronger alterations compared to IL and PIL perovskite layers, leading to significant numbers of pin-holes in the case of light exposure and loss of grain density in the case of heat. In addition, the use of additives has an interesting effect on the surface wettability of the perovskite layer (as shown in the picture of spiro-OMeTAD deposited on perovskite films, Fig. S22). While the deposition of spiro-OMeTAD on undoped perovskite produces uniform films, the deposition becomes difficult using IL and even more complicated with PIL additives in the perovskite layer. The ionic additives change the adhesive and cohesive forces on the perovskite surface and make difficult to control the uniformity of the spiro-OMeTAD film. In summary, all these results indicate that the improvement in V oc and FF obtained with the perovskite film including IL and PIL additives is due to two main factors: a) the optimal alignment of energy levels and b) the larger amount of additive at the interface with spiro-OMeTAD. Both facilitate charge (hole) extraction/transfer over the interface with spiro-OMeTAD, the former by decreasing the energy level offset for a hole transfer to spiro-OMeTAD, and the latter by decreasing the recombination losses of the vacant sites of the perovskite at the interface with HTM producing a faster charge extraction. Furthermore, the improvement in Jsc determined for perovskite films with the PIL additive can be related to the distribution of the additive throughout the thin film and greater uniformity between grains that induce better passivation of defects and charge traps throughout the film, and, hence, greater mobility of charge carriers in the film. These factors also explain the better MPP tracking and lower hysteresis in J-V curves for devices including PIL additives, as a consequence of the better distribution of the additive in the whole film (surface and bulk), in contrast to the similar IL, which limits the ion migration processes by better passivation of the defects in both the surface and bulk.

Conclusions

This work introduces an original approach based on the use of PILs as additives in the perovskite absorber layer exploiting the combination of high ionic conductivity and passivation effect, due to the use of ionic liquids, within an ordered macromolecular structure. n-i-p MA-free perovskite solar cells were fabricated using tBMPy-TFSI (IL) and the novel PVMPy-TFSI (PIL) in the precursor solution, which are shown to behave as efficient quaternary ammonium additives that can passivate ionic defects at the surface and in the bulk of the perovskite layer. 15 Although the addition of IL gave the best device performances (due to the known effect of reducing recombination losses at the interface and more favourable energy alignment), the PIL/perovskite devices are hysteresis-free and preliminary stability studies reveal greater resilience towards light compared to undoped perovskite or perovskite with IL additive, confirming that poly(ionic liquids) are highly conductive, as ILs, but more stable. 39 According to studies performed to understand the effect of these additives on the perovskite layer, the perovskite/spiro-OMeTAD interface is richer in IL than PIL while PIL is more localized in the bulk of the perovskite film. Moreover, PILs act on the perovskite grain formation and passivation: PVMPy-TFSI/perovskites show smaller grains (< 0.5 µm) but the passivation of the grains reduces charge recombination effects and induces faster charge transport, which in turn improves the device performances and gives good prospects for improved stability of the perovskite film. Thus, uncoordinated surface states may be passivated by PIL, contributing to reduced radiative recombination losses and ion migration, which in turn reduces the solar cell hysteresis. Furthermore, especially in the case of PILs, the macromolecular structure can create a protection of the grain boundary, without affecting the lightabsorbing properties of the perovskite. In this way, the grains can be protected from external agents (i.e. H 2O) resulting in better device stability. Indeed, the hydrophobic nature of these additives is a clear advantage against the perovskite degradation caused by moisture, which is a detrimental factor for the device lifetime. Finally, this study opens new avenues to improve the stability of perovskite solar cells and further analysis will be performed using IL and PIL by monitoring the stability of the device over time and under operational stress conditions (AM1.5, 85% RH, 85 °C).
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 1 Fig. 1. a) Sketch of the n-i-p perovskite solar cell architecture and b) chemical structures of tBMPy-TFSI and PVMPy-TFSI.

Fig. 2 .

 2 Fig. 2. a) PCE of devices containing PVMPy-based PILs with different anions (X). The optimized concentrations for each conditions are: PVMPyTFSI 0.15 %mol, PVMPyI 0.1 %mol, PVMPyBF4 0.1 %mol. Concentration series of b) PVMPYTFSI and c) tBMPyTFSI to define the optimized conditions for highest PCEs. For both PIL and IL the optimized concentration is 0.15 %mol.

Fig. 3 .

 3 Fig. 3. a) J-V statistics of additive-free perovskite devices and with tBMPy-TFSI and PVMPy-TFSI, including JSC, VOC, FF and PCE. b) Hysteresis factor showing lower hysteresis for devices with IL and PIL and c) normalised PCE tracking under AM1.5 for 5 minutes.

Fig. 5 .

 5 Fig. 5. Comparison between measurements on perovskite thin films without and with tBMPyTFSI and PVMPyTFSI additives, showing in a) XRD analysis performed on glass/c-TiO2/mp-TiO2/perovskite samples and SEM pictures of perovskite layers of b) perovskite without additive, c) with tBMPyTFSI additive and d) with PVMPyTFSI additive.

Fig. 4 .

 4 Fig. 4. Energy levels of m-TiO2/perovskite/Spiro-OMeTAD (a) without additive, (b) with tBMPy-TFSI (IL) additive, and (c) with PVMPy-TFSI (PIL) additive.
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