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Abstract

:

Perovskite solar cells have progressed very steadily, reaching power conversion efficiencies (PCE) beyond 20% while also improving their lifetimes up to 10,000 h. A large number of cell architecture and materials for active, transporting and electrode layers have been used, either in blends or in nanostructured layers. In this article, a set of perovskite solar cells have been designed, fabricated and characterized with special focus on their lifetime extension. The inclusion of 5-amino-valeric acid iodide (5–AVAI) as interlayer in a methyl-amino lead-iodide (MAPI) perovskite solar cell has provided additional stability in cells with PCE > 10% and T80 = 550 h. Experiments for up to 1000 h with solar cells at maximum power point under continuous illumination with solar simulator have been carried out (1 kW/m2, AM1.5G, equivalent to more than six months of outdoor illumination in locations such as Southeast Spain, with an average irradiation of 1900 kWh/m2/year). The addition of molecular additives in the bulk active layer and ETL and carbon layers not only allows better carrier transport, but also increases the stability of the perovskite solar cell by reducing ion migration within the bulk MAPI and between the different layers. Engineered interfaces with ZrO2 between the TiO2 and carbon layers contribute to reducing degradation.
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1. Introduction


Perovskite solar cells in tandem architecture combined monolithically with a crystalline silicon cell are approaching the 30% power conversion efficiency (PCE) milestone: Oxford PV has recently announced a 29.5% in a 1 cm2 laboratory solar cell as certified by the USA National Renewable Laboratory, thus consolidating again the lead of Prof. Henry Snaith’s group in Oxford [1,2]. When only perovskite active layer material is included in the tandems, they achieve the 20% milestone by benefiting from the possibility of using benchmark methyl ammonium lead iodide active layer with other wide band gap combinations of absorbers [3]. Nevertheless, most long-term stable perovskite solar cells present PCE in the range from 10% to 15%, although different methods to report lifetimes make a straightforward comparison of reported results difficult. In this regard, some efforts are being carried out in order to apply the well-known ISOS protocols already used in organic solar cells to perovskite solar cells [4,5]. The hysteresis which is observed in the current-voltage characteristics of most perovskite solar cells generates further discrepancy when reporting results, so new figures of merit and common procedures to quantify hysteresis have been recommended [6]. Therefore, research in perovskite solar cells has been oriented not only to reach better efficiencies but also, especially in the past few years, to extend their lifetime. At the same time, other additional concerns such as reducing toxic content of the material embedded in the cells (lead, spiro-OMeTAd) or required in the processing steps (halogenated solvents) have been taken into consideration. The equilibrium required to achieve high PCE, long lifetimes and reduced negative environmental impacts is guiding most research efforts in the field [7].



One of the research lines is the engineering of interfaces between the different layers of the solar cell, with special focus both on electron and hole transporting layers; this strategy has three aims: firstly, it tries to enhance carrier collection from active layer to electrodes by creating a ladder of available energy levels in valence and conduction bands (or HOMO/LUMO respectively); secondly, it tries to reduce ion migration, which is the main cause for hysteresis (although ion diffusion has also been reported in hysteresis-free solar cells [8]) and finally, it may contribute to reducing degradation, since the interfacial layer may block moisture or other contaminants’ penetration from the atmosphere and avoid interlayer contamination. The most commonly used hole transporting layer (HTL) has been spiro-OmeTAD [9,10,11,12,13], followed by PCBM [14,15], conjugated polymers such as P3HT [16], PTAA [17,18] or PEDOT:PSS [19] and most recently transition metal oxides, like NiO, showing very good results in terms of extended lifetime [20,21]. HTL-free architectures have attracted attention, since on the one hand they avoid the toxic spiro-OmeTAD (toxic because of the chemicals required in its processing [22]), and on the other hand they avoid chemical contamination of the active layer: carbon scaffolds are the most successful approach to HTL-free options, considering carbon as the electrode itself (although it may be argued that it is an HTL layer when complemented by Ag or Au final metallization). The easier processing of the carbon ink and the possibility of infiltrating the active layer make this technological option one of the best for a cheap and reliable manufacturing process [23,24]. When considering the electron transporting layer (ETL), the most frequently used material is TiO2, with the inclusion of both compact and mesoporous layers, which is present in most of the previously cited references; another common option is the use of zinc oxide either in layers, nanoparticles or nanorod structures [16,25,26,27], aluminum oxide [28,29,30,31], molybdenum oxide [32,33,34] and zirconium oxide [25]. In the case of perovskite solar cells based on carbon “shells” to be infiltrated, the role of this additional metal oxide ETL layer is not only improving the electron transport but also preventing a short circuit between the carbon and the TiO2 mesoporous material acting as electron transporting layer usually in contact with the transparent conducting oxide indium-doped or fluorine-doped tin oxide (ITO, FTO respectively).



Regarding the active layer, the benchmark methyl-ammonium lead iodide (MAPI) has been modified, usually with the objective of getting rid of the potentially toxic lead by total or partial substitution by tin [35,36]. Although the initial efforts led to lower PCE, recent results show efficiencies higher than 20% [37,38]; additionally, cesium substitution leads to good results [31]. However, the most recent approach to the main focus on extending the lifetime has been the addition of molecular dopants to the active layer. A broad range of molecules have been tested, and most results confirm the creation of monolayers on top of the crystalline grains of the active layer or in the interface between the active layer and the HTL or ETL layers [39,40]. The use of these additives has provided a jump in lifetimes from a common 500 to 1000 h range to 8600 h with the first attempts, and now well over 10,000 h [7].



The use of additives has been revealed as an efficient tool to prevent ion migration by means of the resulting improved crystallinity, grain size and surface coverage [41,42].



In this work, four different additives have been used: the well-known 5-aminovaleric acid iodide (5–AVAI) and three proposed alternatives: 4-aminobenzoic acid (PABA), terephtalic acid (TPA) and 3-phosphonopropionic acid (3-HPP). All of these additives have functional groups, such as the hydroxyl group (-OH), carboxyl group (-COOH) and nitrogen groups (-NH3) with different acidic character. As hydrogen bonds of these groups can interact with Pb2+ or I- ions, therefore reducing ion migration, the expected effect of the inclusion of these additives is an extended lifetime and reduced hysteresis [43]. The 5–AVAI is an additive widely employed in triple mesoscopic solar cells [41,42]. Increasing efficiencies and stability as a result of the interaction of its amino and carboxylic groups with halide perovskites has been reported [44,45,46]. Terephthalic acid (TPA), a frequently used chemical in the petrochemical industry, has previously been incorporated in the perovskite precursor solution, resulting in better moisture resistance and better device thermal and ambient stability [47,48]. The 4-aminobenzoic acid (PABA) is an amino acid that can block UV radiation and is commonly used in cosmetic products as a sunscreen. The PABA molecule has a carboxylic group and an amino group. It has been reported that PABA can enhance Voc, FF and PCE in PSCs; this additive contributes to improving the morphology in the perovskite film and decreasing the carrier trap states, leading to an improvement of the performance of the devices [49,50]. Finally, 3-phosphonopropionic acid (H3PP) is a beta amino acid with an amino group and a phosphonic group. This small molecule was used in this work as an organic modifier due to the strong anchoring capability of the phosphonic group.



In this article, we present results which build upon a large amount of previous published work on molecular additives. We have used a carbon-based HTL-free architecture with the addition of a ZrO2 scaffold layer. The fabricated cells provide a range of good efficiencies (>10% in the best case) with large lifetimes for one of the additives that has been studied in more detail (5-amino valeric acid iodide, 5–AVAI). Then, other additives have been tested with the same architectures and optimized thickness of the layers and additive concentration, although with lower resulting PCE and lifetimes. In Section 2 materials and methods are described, followed by two sections in which results are presented and discussed. Conclusions are presented in Section 5.




2. Materials and Methods


Perovskite solar cells with methyl-ammonium lead iodide (MAPI) active layer and different molecular additives were fabricated and characterized. All the cells were fabricated by infiltration of a titania/zirconia/carbon shell with metal oxide electron transporting layers; they did not include any hole transporting layers (HTL-free cells). Electrodes were the same for all samples. A detailed description of cell fabrication is provided in Section 2.1, while the current-voltage (I–V) characterization and the degradation experiment, which was the same for all samples, is explained in Section 2.2.



2.1. Sample Fabrication


Hybrid perovskite solar cells were fabricated following a standard procedure [24,51]. The active layer was the benchmark methyl-ammonium lead iodide (MAPI) perovskite structure. An n-type TiO2 electron transporting layer was deposited on the transparent conducting substrate, leading to a n-i-p structure, and therefore the architecture of the cell was normal (also called regular or standard) [52]. Metal oxide electron transporting layers were screen-printed on top of a fluorine doped tin oxide (FTO), CVD coated glass substrate, with sheet resistance Rs ~ 8 Ω/sq and total transmission around 80% in the 400–800 nm band (SOLEMS TEC 7/2.2). A first compact c-TiO2 layer was deposited by spray pyrolysis from a 10% molar Titanium di-isopropoxide bis-acetylacetonate (Sigma Aldrich) solution in isopropyl alcohol dried and thermally annealed at 450 °C for 10 min in air. The following layers were deposited by screen printing. The pastes used for screen printing were TiO2 paste DSL 30NR-D (Dyesol), ZrO2 paste Zr-Nanoxide ZT/SP (Solaronix, particle size 20–40 nm, at 18% wt. in suspension with terpineol and other organic binders). These structures were covered by a screen-printed carbon-based layer (using carbon paste C2150317D3, Gwent Group), delivering a structure called the “shell”. Different threads were used in a commercial SA111576 Uniprint PM screen printer, with aperture of 40 μm for the metal oxide pastes and 90 μm for the carbon paste. The screen-printed layers were considered mesoporous after a thermal annealing process of 30 min at 450 °C. This shell was then infiltrated by spin-coating (the so-called “single step” method), with the perovskite solution prepared by using the usual precursors lead iodide PbI2 (purity 99%, TCI), MAI CH3NH3I (purity 98%, Dyesol) dissolved in γ-butyrolactone (GBL, purity 99%, Sigma Aldrich) and a final back hole collecting electrode was again screen-printed using conductive silver paste C2081126P2 (Gwent Group).



A schematic structure of the band gaps, conduction and valence band (for the semiconducting materials) and work function for the carbon and metal electrodes are presented in Figure 1A. Ideally, the MAPI + additive active layer infiltrates the carbon and the mesoporous layers of ZrO2 and TiO2. The ZrO2 layer prevents the electrical short-circuit between the TiO2 electron transporting layer and the carbon scaffold, which is acting as hole collecting layer (and connected to the Ag electrode). This reference structure was modified with the inclusion of different additives into the active layer: 5-aminovaleric acid iodide (5–AVAI), terephthalic acid (TPA), para-4-aminobenzoic acid (PABA) and 3-phosphono-propionic acid (H3PP) (molecular structures shown in Figure 1B). In all cases, additives were mixed at 3% molar concentration with the MAPI perovskite precursors before infiltration. The same solvent GBL was used in all cases, with the exception of TPA, where dimethyl formamide anhydrous (DMF, purity 99% Sigma Aldrich) was used. All molecular additives were included in the bulk of the active layer during the solution stage of MAPI preparation. Four kinds of samples were tested, as described in Table 1, the first group of three samples (A, B, C) all contained 5–AVAI but differed in the concentration of 5–AVAI added to the solution precursor of the MAPI active layer. The optimum weight concentration that delivered the best PCE results for the 5–AVAI additive (3% molar) was used as the optimal concentration for the other additives.




2.2. Sample Characterization


The structure of the samples was characterized by a transversal scanning electron microscopy image, where the thickness of the different layers was measured (Figure 1C). The thickness of the layers constituting the infiltrated shell were 600 nm mp- TiO2; 2 μm mp- ZrO2 and 10 μm carbon. An x-ray diffractogram of the TiO2 layer was measured at different temperatures, showing that crystallinity was achieved after 450 °C thermal annealing; the diffractogram was fitted to reference code 00-004-0477 demonstrating a tetragonal anatase phase (I41/amd space group) as shown in Figure 1D.



Current-voltage (I–V) characteristics of the unencapsulated samples were measured by applying a voltage bias between the electrodes and sweeping the voltage between −1 V to +1 V (forward) and from +1 V to −1 V (backward) in order to measure the hysteresis appearing in most samples. The sweeping procedure was carried out always at the same voltage scan rate of 0.06 V/s. Voltage was applied with a programmable voltage source Keithley Mod. 230, and current was measured with an electrometer Keithley Mod. 6514. Since I–V curves were measured both forward and reverse at an initial stage, the hysteresis was obtained and quantified as the difference between the areas of integrated current from V = 0 to V = Voc for both traces. This method provided a “hysteresis factor” (HF1) defined as:


    HF  1  =   ∫  0   V  oc        I  backward    V  −  I  forward    V    dV  



(1)




which provides a value slightly different when compared with the difference of delivered power at mpp between forward and backward bias, which can be defined as a second, single-point “hysteresis factor” (HF2) defined as:


    HF  2  =  P  mpp , backward   −  P  mpp ,  forward     



(2)







Both HF1 and HF2 are included in Table 1 with other standard parameters.



For the long-term degradation experiments, I–V measurements were carried out for 1000 h (one every hour and only in backward bias between +1 V and −1 V), while the samples were kept polarized at maximum power point until a new I–V curve was measured (this is in line with ISOS-L1 and ISOS-V3 protocols [4]). This protocol was applied by using LabView-based software developed in our laboratory. The I–V characteristics were measured under ambient atmosphere (air), with stable laboratory temperature (25 °C) and relative humidity (40% ± 2%). The illumination was provided by an ABET AM1.5 Class AAA solar simulator, kept at constant irradiance of 1 kW/m2 for 1000 h (a mask was used guaranteeing that active area of the cell was 7.1 mm2). This time under 1 Sun irradiance is equivalent to several months under ambient conditions depending on the particular geographical location for an outdoor experiment, in particular for Southeast Spain with insolation values of more than 1900 kWh/m2 per year in some locations, the degradation experiment can be considered to an equivalent outdoor illumination of more than six months. The experiment is not equivalent to a full outdoor experiment, since irradiance variations and temperature cycling (during day and night) as well as possible rain, wind, dust and other effects were not taken into consideration.



Electrical parameters (short circuit current (Isc), open circuit voltage (Voc) and power conversion efficiency (PCE)) of each of the one thousand I–V curves measured for each sample during each degradation experiment were obtained; additionally, maximum power point current and voltage (Impp and Vmpp) and power delivered at mpp (Pmpp) were also recorded for backward bias, which allowed us to calculate the filling factor (FF) for the backward branch of the I–V curve.





3. Results


The results section is organized in two subsections: the first one corresponds to initial sample characterization and hysteresis analysis for the six kinds of samples, of which 24 samples were prepared, thus providing some statistics. Best cell values are provided in the tables. The long-term degradation study is presented in Section 3.2 and was carried out in each case with the best cell of each kind that was identified by the initial experiment.



3.1. Initial Characterization: I–V Curves and Hysteresis


Figure 2 shows the best cell results for the initial characterization by current density-voltage (J–V) and power density-voltage (P–V) curves of the MAPI samples with 5–AVAI additive at different weight concentration: 1% (A), 5% (B) and 3% (C). The grouping rationale was applied after the long-term experiment, since three samples delivered a much shorter lifetime than the others. The hysteresis shown by all samples was large, with the exception of one cell (A), although, as can be seen in Section 3.2, this did not translate into the longest lifetime, which was obtained by cell C, which had significant hysteresis.



In Figure 3, the I–V and P–V curves for the PABA (D), TPA (E) and H3PP (F) additives are shown. In this case, the initial power efficiency was lower and hysteresis larger than in the previous 5–AVAI group. Furthermore, cell E (TPA) operated in a different way, since the larger power was delivered in forward sweep (as illustrated by the minus sign in the calculated hysteresis factors shown in Table 1).



The average electrical parameters of the six groups of samples (24 samples per group) are included in Table 1, which is presented to emphasize the rationale guiding the sample preparation strategy: once the “shell” was optimized (thickness of respective layers as described above), the concentration of 5–AVAI, the first additive used, was explored, starting with a low concentration (1%, cell A), then 5% (cell B), then higher concentrations which all delivered failed cells, and back to 3% (cell C), which delivered the best PCE and longer lifetimes. Based on this, the same concentration was applied to the other additives in order to compare all of them at the same weight concentration (3%, cells D, E and F).




3.2. Long Term Degradation Experiments


All samples suffered degradation during the long-term experiment, with three of the samples showing rapid degradation after 100 h (D, E, F) while the other three (A, B, C) showed much longer lifetimes. Loss in photocurrent and PCE in this case was only appreciated when the experiment was carried out up to 1000 h. In A–F samples, the I–V curves were recorded by sweeping the voltage backwards (or reverse), that is, from 1 V to −1 V with a scan rate of 0.06 V/s. For sample E, the voltage was applied forwards (from −1 V to 1 V) at the same scan rate. One full I–V curve was recorded every hour during the 1000 h experiment; between two sweeps, the samples were kept under illumination at maximum power point (operating conditions). Figure 4 shows the evolution of short circuit current (Jsc) and PCE. The logarithmic scale in the current axis emphasizes the evolution and also demonstrates that a nonexponential trend was followed.





4. Discussion


In order to quantify the lifetime of the cells and to compare the different additives with other published data, standard parameters were used. From the PCE time evolutions shown in Figure 4, T80, T50 and T20 could be extracted (shown in Table 2). These parameters are defined as the time when PCE has been reduced to 80%, 50% and 20% of its initial value and provide a single point parameter to compare lifetimes of the devices. The detailed trend of the full curve has not been fitted, since no clear exponential trend was observed. Although a kink in samples with nonoptimal 5–AVAI weight concentrations was observed, this is still not fully understood but points out that obtaining the optimal concentration (in this case, around 3%) is important not only because it extends the lifetime but also because it qualitatively changes the pattern of degradation.



The best lifetime values were found for cell C (3% wt 5–AVAI additive) with T80 = 550 h. As can be observed in Figure 4 and Table 2, cells with 5–AVAI showed much better performance than with the other additives. The results for 1% and 5% 5–AVAI additive were similar in terms of T80, with cell B (5% 5–AVAI additive) presenting slightly better behavior than the cell with lower 5–AVAI content. The qualitative change of degradation mechanism commented above remains unclear, since it happens both for higher and lower concentrations than the optimal one. A benchmark infiltrated carbon-based mesoporous perovskite solar cell is the one published by Mei et al. with the following parameters for the optimized MAPbI3 active layer (without AVAI) a Jsc of 13.9 mA/cm2, a Voc of 855 mV, and a FF of 0.61, yielding a PCE of 7.2%; the inclusion of AVAI raised the photocurrent up to 22.8 mA/cm2, Voc was 858 mV, and FF = 0.66, with an improvement of PCE up to 12.84% [44]. The same group pointed out that MAPI cells without AVAI showed T80 around 400 h, and in the most recent results with AVAI stability has grown up to an impressive 9000 h at maximum power point and by cycling day/night operational according to recommendations of IEC61215:2016 [53].



The addition of AVAI in our samples has delivered good performance both in electrical parameters, with the best cell with higher photocurrent but lower open circuit voltage, Jsc = 21.47 mA/cm2, Voc = 810 mV, FF = 66.53% yielding a good PCE = 11.56% (best cell after light soaking). The trend of degradation showed various stages with different degradation speed. Although there was a nonexponential trend of the Jsc data (Figure 4), which also impacted PCE time evolution, it can be interpreted as multiple stage degradation mechanisms. In the best cell (3% 5–AVAI additive), two regions were distinguished, the first one with a very smooth slope, and after approximately 600 h, a second region with a more pronounced slope. The behavior of the Jsc for cells A and B were more complex with more steeped line shapes. The cells without 5–AVAI showed very pronounced slopes, which could be approximately divided into two regions: an initial very fast decay and a second one with a less pronounced decay. For cell E (TPA additive) the degradation was very fast with a T80 lower than 1h. There was no clear relation between the size of the hysteresis and the lifetime, since longer lifetimes coupled with larger hysteresis (and vice versa) and therefore a correlation between both effects was ruled out in this case.



It has been suggested that the addition of 5–AVAI improves the penetration of the solution during the infiltration of the shell and increases the surface contact, resulting in a lower defect concentration [54]: this effect strongly points that the main effect of 5–AVAI inclusion is avoiding oxygen penetration towards the MAPI, thus extending its lifetime. The role of 5–AVAI is crucial in the formation of superoxide species, which decrease the lifetime of the PSC as result of a combination of different processes, including defect concentration, oxygen diffusion and grain morphology. Devices with 5–AVAI present smaller grains with more surface defects to react with oxygen, due to the higher surface/volume ratio. However, this effect is counterbalanced by an overall lower defect concentration due to the binding of 5–AVAI to iodide vacancies. These vacancies have been reported to be energetically favorable sites for the superoxides formation when the iodide vacancies are occupied by a trapped electron, as they act as trap states in the perovskite bandgap. Additionally, the other effect which lowers the overall superoxide yield is a more compact perovskite layer due to 5–AVAI inclusion, leading to poor oxygen diffusion into the film and thus extending its lifetime [55].



This balance of ultimately beneficial effects of the addition of 5–AVAI is extended to the reduction of oxygen ingress via ETL, either TiO2 or ZrO2, similar to the effect found by Mei et al. [44]. Furthermore, the MAPI crystal structure is modified by 5–AVAI by forming hydrogen bonds between its carboxyl and the iodide ions of MAPI and ammonia groups. Additionally, the presence of the 2D perovskite (HOOC(CH2)4NH3)2PbI4 acting as capping layer on top of a 3D tetragonal phase of MAPI has been shown to strongly enhance stability [45]. The addition of 5–AVAI to the perovskite precursor solution provides additional resistance to degradation. However, the origin of the stability improvement is not yet clear, and it is evident from our results that other molecular additives are not beneficial for the extension of the lifetime.



Additionally, the ZrO2 layer with optimized thickness of 2 μm provides an isolation that prevents ion migration and a short circuit between the carbon and the TiO2 layer; it is not probable that ZrO2 is providing additional protection to atmospheric degradation agents such as moisture and oxygen [51]. This effect was observed previously, and we consider that the extended lifetime observed in our samples was due to a combination of the effect of the molecular additive and the ZrO2 layer, but with stronger effect from the additive (improvement in the 5–AVAI case, poor results with the other additives, in both cases containing the same ZrO2 layer). The carbon top electrode also acts as a barrier against moisture due to the hydrophobic properties of carbon.




5. Conclusions


Extended lifetimes have been obtained when 5-aminovaleric acid iodide (5–AVAI) was used as an additive in the active layer of methyl-ammonium lead iodide solar cells. Other molecules were tested as additives, all of them providing poorer results than the 5–AVAI. The best samples with 5–AVAI had PCE higher than 10% and extended lifetime with T80 = 550 h. The long lifetime observed in a 1000 h illumination test was the combined effect of engineered interfaces: On the one hand, the molecular additive 5–AVAI was mixed in the active layer, occupying the space between the crystalline grains of the perovskite active layer, but also creating an interlayer at the interface between ETL and carbon layers, preventing ion migration and ingress of moisture and oxygen from the carbon electrode side. Other additives were not effective for this purpose. On the other hand, ZrO2, with optimized thickness of 2 μm, prevented ion migration into the TiO2 layer, but its beneficial effect was lower than the use of the 5–AVAI molecular additive.
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Figure 1. (A) Schematic structure of band gaps and work function of the different layers of the solar cells; (B) Molecular structure of the four additives used in the methyl-amino lead-iodide (MAPI) layer: 5-amino-valeric acid iodide (5–AVAI), terephthalic acid (TPA), para-4-aminobenzoic acid (PABA) and 3-phosphono-propionic acid (H3PP); (C) SEM image of the shell used to infiltrate the MAPI, showing the layers of compact and mesoporous TiO2, mesoporous ZrO2 and carbon; (D) XRD of anatase TiO2 at different temperatures. 
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Figure 2. Current density-voltage (J–V) (left) and power density-voltage (P–V) (right) curves of the best MAPI perovskite solar cell with 5–AVAI additives, with different weight concentrations: 1% (A), 5% (B) and 3% (C), all of them showing hysteresis between the forward (slashed line) and backward (continuous lines) sweep. 
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Figure 3. Current-voltage (I–V) (left) and power-voltage (P–V) (right) curves of the best MAPI perovskite solar cell with 4-aminobenzoic acid (PABA) (D), terephtalic acid (TPA) (E) and 3-phosphonopropionic acid (H3PP) (F) additives, all of them showing hysteresis between the forward (slashed line) and backward (continuous lines) sweep. All backward sweeps showed better performance, except the E cell, which was better in forward sweep. 
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Figure 4. Short circuit current (Jsc., upper plots) and power conversion efficiency (PCE, lower plots) of the six samples. Logarithmic axis for short circuit current emphasizes the rapid drop for the set of D, E, F samples (up to 250 h) while the A, B, C had much longer lifetimes, extended more than 1000 h. For better visualization, left figures show the first 250 h of the experiments while right figures show the complete experiments. 
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Table 1. Electrical parameters of the perovskite solar cells calculated as an average of 24 cells of each group (* this cell presented reversed hysteresis when compared to the other cells). Scan column indicates forward (F) or backwards (reverse, B) sweep of voltage during the J–V measurement. HF1 and HF2 are the hysteresis factors, as defined in Section 2.2.
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Cells

	
Additive

	
Scan

	
Jsc

	
Voc

	
FF

	
PCE

	
HF1

	
HF2




	
mA/cm2

	
V

	

	
%

	
mW/cm2

	
mW/cm2






	
A

	
5–AVAI (1%)

	
F

	
20.61 ± 1.57

	
0.73 ± 0.06

	
38.2 ± 6.5

	
5.69 ± 0.24

	
3.42

	
1.73




	
B

	
23.56 ± 2.36

	
0.76 ± 0.06

	
59.4 ± 7.7

	
10.61 ± 1.40




	
B

	
5–AVAI (5%)

	
F

	
12.89 ± 1.34

	
0.67 ± 0.07

	
27.3 ± 4.3

	
2.32 ± 0.82

	
6.68

	
4.33




	
B

	
24.53 ± 3.41

	
0.70 ± 0.07

	
54.3 ± 6.2

	
9.28 ± 0.94




	
C

	
5–AVAI (3%)

	
F

	
12.27 ± 1.67

	
0.60 ± 0.06

	
23.5 ± 4.8

	
1.70 ± 0.73

	
7.69

	
4.50




	
B

	
25.84 ± 2.87

	
0.76 ± 0.06

	
56.8 ± 6.8

	
10.85 ± 1.69




	
D

	
PABA

	
F

	
4.47 ± 0.40

	
0.70 ± 0.06

	
45.8 ± 6.8

	
1.43 ± 0.12

	
3.79

	
2.63




	
B

	
9.70 ± 0.46

	
0.77 ± 0.07

	
69.4 ± 9.6

	
2.53 ± 0.65




	
E

	
TPA

	
F

	
10.53 ± 2.44

	
0.70 ± 0.06

	
42.3 ± 5.3

	
3.30 ± 0.85

	
−2.97 *

	
−1.89 *




	
B

	
8.01 ± 2.06

	
0.70 ± 0.07

	
45.9 ± 5.7

	
2.70 ± 0.85




	
F

	
H3PP

	
F

	
2.83 ± 0.40

	
0.63 ± 0.06

	
51.0 ± 8.7

	
0.90 ± 0.10

	
1.16

	
0.81




	
B

	
3.57 ± 0.42

	
0.70 ± 0.07

	
54.7 ± 9.2

	
1.37 ± 0.21
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Table 2. Lifetime parameters extracted from degradation trends shown in Figure 4. TX is the time at which power conversion efficiency is X% of the initial nominal power conversion efficiency.
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Cell

	
Additive

	
T80

	
T50

	
T20




	
Hours

	
Hours

	
Hours






	
A

	
5–AVAI (1%)

	
142

	
328

	
448




	
B

	
5–AVAI (5%)

	
125

	
375

	
544




	
C

	
5–AVAI (3%)

	
550

	
801

	
955




	
D

	
PABA

	
0.6

	
16

	
48




	
E

	
TPA

	
0.6

	
1.8

	
12




	
F

	
H3PP

	
13

	
21

	
36
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