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Abstract

:

Chloride–iodide perovskites have received substantial interest due to their better photovoltaic performance compared to pure iodide ones. The superior properties of chloride–iodide perovskites boost photovoltaic performance. However, quantifying the Cl composition in perovskite films remains challenging. Hence, it is not easy to correlate the Cl quantity with the improved photovoltaic performance. Considering this critical issue, it is still necessary to determine the correlation between the Cl quantity and the improved photovoltaic performance to solve this puzzle. Here, a critical review is presented showcasing the significant impacts of the Cl quantity on chloride–iodide perovskites and related solar cell devices. This review provides an up-to-date picture of different strategic methods to overcome the challenges of Cl incorporation in I-based perovskites, aiming to improve photovoltaic performance. Finally, some valuable remedies are prescribed for potential future research strategies to study the photovoltaic performance of chloride–iodide perovskite solar cells. Hopefully, this review will be a noteworthy scientific contribution to the advancement of the continuous progress of perovskite solar cells.
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1. Introduction


Over the last decade, many researchers have conducted extensive studies on perovskite solar cells (PSCs). In particular, lead halide PSCs have established a firm foothold in the path of their continuous progress. This is due to their gradually increasing power conversion efficiency (PCE), approaching that of conventional inorganic semiconductors. Additionally, lead halide perovskites facilitate low-cost solution process photovoltaic technology, making them a strong competitor to commercially available silicon-based solar cells [1]. PSCs came into the limelight as a solid-state form in 2012, having a PCE of about 9% [2]. Now, the PCE of PSCs in 2023 is more than 25% [3].



The perovskite layer plays all the major roles of photovoltaic operation, such as light absorption, electron–hole pair generation, the transport of photogenerated electrons and holes toward the corresponding electrodes, etc. Therefore, controlling perovskites’ optoelectronic and morphological properties is essential to make high-performance solar cells.



It has been well established that, as the primitive material in PSCs, MAPbI3 has excellent optical absorption properties with a suitable bandgap of about 1.55 eV to absorb visible light, a balanced carrier diffusion length, and a remarkable carrier lifetime. These superior properties confirm the superb performance of these PSCs [4]. Although most PSCs are based on MAPbI3 due to the above advantages, there is a great concern about the widespread use of Pb in PSCs for long-term environmental sustainability [5]. In this regard, researchers have suggested a few alternative metal cations. To date, one of the most suitable candidates considered to replace Pb is Sn, which is less toxic and has fewer environmental impacts [6,7]. Sn-based perovskite is much more unstable than Pb-based perovskite. Sn is oxidized by oxygen, and Sn-based perovskite degrades too quickly in ambient conditions. This is one of the reasons for choosing Pb-based PSCs. There are also other possible alternative candidates, such as Bi, In, Sr, Cd, Ca, etc. [8,9].



The bandgap of halide perovskite is determined by metal cation and halide anion orbital couplings. Different halide ion combinations change the perovskite lattice to enhance or reduce wavefunction overlapping and result in different bandgaps. Generally, perovskites with a bandgap greater than 1.65 eV are defined as wide-bandgap perovskites. Introducing bromide ions with iodide ions is a common strategy for making wide-bandgap perovskites [10]. Higher-bandgap perovskites cut out most of the solar spectrum in the longer-wavelength region. Therefore, higher-bandgap PSCs are not suitable for single-junction solar cells. It is observed that introducing a trace quantity of Cl can dramatically improve the optoelectrical and morphological properties while maintaining a bandgap similar to that of MAPbI3. For example, the electron diffusion length is almost ten times longer [11]; the carrier lifetime is substantially prolonged to 1 µs [12]; and the grain size increases to the range of µm from the nm scale [13]. Some interesting phenomena in chloride–iodide perovskite are absent in iodide perovskite. For example, there is less I− ion migration, and Cl− ions migrate toward the interface with the electron transport layer. It is well known that there is a significant difference in radius between Cl and I. Cl is much smaller than I. Due to its smaller size, it is quite challenging to incorporate Cl into I-perovskite. Although Cl incorporation engineering has been widely used in PSCs, the characteristics of the chloride–iodide alloying structure in mixed-halide perovskites and its influence on the optoelectronic and morphological properties have been issues of a long-standing controversy [14]. This is why the role of Cl in PSCs is still under discussion today. In Figure 1a, a graphical comparison between iodide perovskite and chloride–iodide perovskite is depicted with the visual summary of the three main challenges of chloride-iodide PSC (in Figure 1b).



Currently, two critical issues for the commercial application of PSCs are efficiency and stability. Here, we present a systematic review of chloride–iodide PSCs concerning their efficiency and stability. From a review of the literature, we list various chloride–iodide PSCs. Then, we discuss different aspects of chloride–iodide PSCs from the list in Table 1. The advantages of Cl incorporation are discussed in detail concerning their optoelectronic and morphological characteristics. Then, we discuss different ways, such as composition, solvent, additive, deposition, annealing, and structural engineering, to overcome the issues related to Cl incorporation. We also suggest some future aspects of chloride–iodide PSCs. Note that while explaining different points, we present different chemical reactions with equations, mainly focusing on the products of the reactions hypothetically, and they are not stoichiometrically balanced on both sides.




2. Advantages of Chloride–Iodide PSCs


Chloride–iodide perovskite has attracted significant attention due to the apparent performance enhancement obtained by using Cl doping. However, there are controversial arguments on the Cl function and its mechanism. The photovoltaic performance of PSCs depends on the perovskite film’s optoelectronic and morphological properties. There are two distinct hypotheses about how the presence of Cl in perovskite improves these properties. The first explanation is related to optoelectronic properties. It is well established that Cl incorporation ensures improved optoelectronic properties, such as a long carrier diffusion length and lifetime. Specifically, other optical effects, such as absorption, photogeneration, etc., are not apparent yet [63]. Cl also has a significant impact on the electrical properties of perovskite. The electrical properties of perovskite are significantly enhanced by Cl doping. Doping passivates interfaces or grain boundaries and results in band bending at the interfaces. The second explanation is related to morphological properties. The presence of Cl improves crystalline features and film formation and leads to larger crystalline domains. Several recent papers offer optoelectrical and morphological explanations for the improvements observed in chloride–iodide perovskite [64]. In the following sections, we discuss the effects of Cl on the optoelectrical and morphological properties of chloride–iodide perovskite films and the efficiency and stability of related PSCs.



2.1. Effects on Optoelectronic Properties


Chloride–iodide perovskites show excellent optoelectronic properties and better photovoltaic performance than iodide perovskites, such as efficient charge carrier extraction at adjacent heterojunctions and transport within the bulk perovskite.



Cl usually preferentially localizes to the heterojunction interface in elemental form or as residual amorphous PbCl2. Elemental Cl effectively passivates defects at the interface and facilitates band bending at the interface, while PbCl2 hinders efficient charge extraction, as it is insulating [51,65]. Using angle-resolved X-ray photoelectron spectroscopy, Colella et al. [66] observed that Cl aggregates at the perovskite/TiO2 interface. Unger et al. [67] also found Cl at both the grain boundaries and the interface from X-ray fluorescence measurements. Using steady-state and time-resolved photoluminescence, as well as electrochemical impedance spectra, Pham et al. [52] observed that adding 2.5% PbCl2 increases the charge carrier lifetime and recombination resistance, while the photoluminescence peak drops noticeably in the presence of the charge transport layer with chloride–iodide perovskite due to efficient charge extraction. The performance of a related PSC, as reported by Pham et al. [52], is enhanced from an average PCE of 16.5% to 18.1% with a significantly improved fill factor (from 0.69 to 0.76). The dramatic improvement is due to the effective interfacial charge collection within the adjacent heterojunction. Cl is thus proposed to act as a dopant and surface passivator in the perovskite film.



Cl incorporation also facilitates charge carrier transport within the bulk perovskite crystals. At the same time, it enhances electron diffusion and collection in the film due to reduced crystalline defects. Chen et al. [29] found two-times longer charge carrier lifetime in chloride–iodide perovskite than in iodide perovskite films. Again, they used the capacitance–voltage technique to find defect activation energies of 21.6 and 74.4 meV for chloride–iodide and iodide films, respectively. This indicates that Cl incorporation results in shallower defects along the film. These superficial defects are the result of fewer crystalline defects in the chloride–iodide perovskite film. Crystalline defects generate deep trap states in the bandgap of perovskite and reduce the number of collectible electrons. In this way, Cl incorporation improves the PCE of PSCs.




2.2. Effect on Crystalline and Morphological Properties


The photovoltaic performance of PSCs highly depends on the film’s crystallinity and morphology [14]. Crystalline factors in the context of large domain sizes and compact structures such as cubic ones are standard for better photovoltaic performance. Morphological aspects in the context of surface coverage and film conformity are well known to affect the photovoltaic performance of PSCs [68].



Better crystalline features, such as oriented crystalline growth, larger atomic order, and dense coordination, are observed with chloride–iodide perovskite films. Lee et al. [15] observed X-ray diffraction peaks at angles of 14.20°, 28.58°, and 43.27° for the chloride–iodide film, which correspond to the (110), (220), and (330) planes. The results confirm a tetragonal perovskite structure with lattice parameters a = 8.825 Å, b = 8.835 Å, and c = 11.24 Å, which are similar to those of the iodide-based film. They noticed narrow diffraction peaks, indicating that the film had a long-range crystalline domain. It was also found that a small amount of Cl can substitute for I in the PbI6 inorganic lattice, which leads to a phase transition from the tetragonal to the cubic phase [69]. Introducing Cl into the perovskite lattice increases the Goldsmith tolerance factor’s value and the photoactive phase’s stability [70]. McLeod et al. [71] observed that a chloride–iodide film sample made with excess PbCl2 had the highest Pb-I coordination, which was found to be six by fitting the Pb L3-edge extended X-ray absorption spectra with a three-shell model. Therefore, Cl contributes to a compact crystalline structure. The stronger electronegativity of Cl vs. I and the associated more rigid bonds formed with Pb2+ ions help restrain lattice distortions.



Chloride–iodide perovskite also manifests compact films with good surface coverage. Xu et al. [72] found that a small amount of Cl doping (less than 5%) significantly increased the perovskite grain size, and the related PSC exhibited up to 17.44% PCE. When imaging the chloride–iodide film, the reflection and diffraction micrographs showed an increase in the surface coverage of oriented grains from 2.5% (in the case of iodide film) to 5.5% (in the case of chloride–iodide film (Cl doping 7%)) [73].





3. Engineering of Chloride–Iodide PSCs


From the above discussion, it is evident that adding Cl to I-based PSCs results in outstanding photovoltaic performance due to better optoelectrical, crystalline, and morphological properties [74]. Despite these advantages, there are various obstacles to incorporating Cl into the perovskite system. The most surprising fact is that the Cl percentage calculated from the precursor solution is not detectable in the final perovskite film. There are three acceptable hypotheses to explain this phenomenon. The first is the radius difference between Cl− and I− ions. Second, Cl affects the nucleation dynamics of perovskite, and an intermediate phase forms during growth. As a result, chloride–iodide perovskite is prone to phase segregation. The third one proposes that Cl disappears upon thermal annealing [75]. Here, we discuss the strategies employed in various studies in the literature to solve these issues, such as composition, solvent, additive, deposition, annealing, and structural engineering.



3.1. Precursor Composition Engineering


There is a long-standing debate that the exact concentration of Cl in the final film does not reproduce the stoichiometry of the precursor solution. Cl incorporation into I-based perovskite film is only possible at relatively low concentrations [76]. Precursor compositions determine the Cl contents in chloride–iodide perovskite and the photovoltaic performance. Therefore, it is necessary to investigate the effect of components’ molar ratio in precursor solutions such as MAI, MACl, PbI2, and PbCl2.



To investigate the effect of components’ molar ratio in precursor solutions, Colella et al. [77] developed chloride–iodide films using two different molar ratios of precursor solution components. The first was MAI:PbCl2 (3:1), and the second was MACl:PbI2 (1:1). Diffraction patterns for both samples showed highly oriented crystalline films. At the same time, energy-dispersive X-ray spectroscopy measurements cannot detect reliable values of the Cl concentration. The first and second films manifest 6.15% and 3.85% PCEs, respectively. Therefore, the MAI:PbCl2 (3:1) precursor composition is preferable to MACl:PbI2 (1:1). With the MAI:PbCl2 (3:1) precursor composition, due to a higher quantity of MAI, MAPbCl3 forms. For example, Yantara et al. [78] developed chloride–iodide perovskite films with the MAI:PbCl2 (3:1) molar ratio and observed that the film sample undergoes a color change before the film turns completely dark brown. The chloride–iodide film undergoes a color evolution from brown to light brown to dark brown. They hypothesized the following reaction for the initial brown film:


MAI + PbCl2 → MAPbI3 + MAPbCl3 + MAI + MACl + PbI2



(1)







They also observed that after annealing for a while, the brown film (see Figure 2a) first turns light brown (see Figure 2b). The formation of a higher quantity of MAPbCl3 is the reason for the color change. The bandgap of MAPbCl3 is higher than that of MAPbI3 and light brown. MAPbI3 dissociates into MAI and PbI2 and leaves behind MACl and MAPbCl3. At the same time, MACl also reacts with MAPbI3 and forms MAPbCl3. Due to the excess amount of MAPbCl3, the film seems light brown. This phenomenon arises due to unreacted excess MAI in the system. The following reaction represents the intersubstitution of Cl and I in the process of MAPbCl3 generation.


MAPbI3 + MACl ↔ MAI + MAPbCl3



(2)







After further annealing, the light-brown film (see Figure 2b) transforms into dark brown (see Figure 2c), indicating the presence of a higher quantity of MAPbI3 or mixed chloride–iodide perovskite. The possible chemical reaction is demonstrated as follows:


MAPbCl3 + MAI + PbI2→ MAPbI3/MAPbI3−xClx + MACl



(3)







In this context, it is necessary to reduce the extra MAI in the system because extra MAI helps to produce MAPbCl3, which is undesirable and degrades the PCE. MAPbCl3 has a low boiling temperature, and during annealing, MAPbCl3 decomposes into MACl and PbCl2. MACl is highly volatile and escapes from the film during annealing. As a result, Cl vacancies and undesirable defects are created. To mitigate this issue, Huang et al. [13] deliberately introduced excess PbCl2 in the chloride–iodide perovskite precursor. They varied the molar ratio of MAI to PbCl2 as 3:1, 3:1.015, 3:1.03, 3:1.045, and 3:1.07. The excess PbCl2 also results in dense and uniform films consisting of large micron-sized grains, as shown in the scanning electron microscopy images in Figure 2d–h. In another study, Zhang et al. [50] fabricated chloride–iodide PSCs using precursor solutions containing MAI and PbCl2 with molar ratios of 1:1, 3:1.05, 3:1.10, and 3:1.15, respectively. The PSC with a mole ratio of 3:1.05 presented the highest PCE, which means that a 10% Cl atomic concentration is optimal.



Now, from the above discussion, it is understood that excess MAI can form a MAPbCl3 phase. In contrast, it is believed that a much higher concentration of Cl might reduce the PCE. Therefore, it is necessary to investigate the influence of different MA+ and Cl− ion concentrations’ effects in more detail. At the same time, the MA+ and Cl− ion sources from different precursors should be investigated. For this purpose, Tombe et al. [79] studied a set of various precursor formulations to understand the correlations between the MA+ and Cl− ionic composition and the resulting PSC performance. Three precursor solutions with different ratios of MAI, MACl, PbI2, and PbCl2, such as 3:1 (MAI:PbCl2), 4:1:1 (MAI:PbI2:PbCl2), and 1:1:1 (MAI:MACl:PbI2), were used. The corresponding film morphology is shown in scanning electron microscopy images (see Figure 2i–k) and atomic force microscopy (see Figure 2l–n) images. PSCs made from 4:1:1 (MAI:PbI2:PbCl2) and 1:1:1 (MAI:MACl:PbI2) combinations showed nearly identical, good PCEs, which were better than the 3:1 (MAI:PbCl2) combination.



The PSC obtained from the 1:1:1 (MAI:MACl:PbI2) formulation showed good stability in a nitrogen environment. The composition of ions in the two 4:1:1 (MAI:PbI2:PbCl2) and 1:1:1 (MAI:MACl:PbI2) precursor formulations were identical (MA+:Pb2+:I−Cl− = 2:1:3:1), while the composition of ions in the 3:1 (MAI:PbCl2) precursor formulation was (MA+:Pb2+:I−:Cl− = 3:1:3:2). In the last case of the 3:1 (MAI:PbCl2) precursor formulation, there were excess amounts of MA+ and Cl− ions, especially the content of Cl− ions, which was twice as high. The above results indicate that a higher concentration of extra Cl− ions degrade the PCE. A small excess Cl− ions reduces the possibility of MAPbCl3 formation. Therefore, the overall ionic composition in the precursor solution is crucial for chloride–iodide perovskite formation and PCE. Here, the source of these ions, however, appears to be irrelevant.




3.2. Additive Addition Engineering


Additives play an essential role in perovskite crystal growth and the performance of PSCs [80,81]. Additive addition is an alternative way to improve the photovoltaic performance and stability of chloride–iodide PSCs [82]. Here, we will discuss the additive’s role in incorporating Cl into chloride–iodide perovskite. The previous section summarizes results showing that excess Cl− ions degrade the PCE, while a small excess of Cl− ions offers better PCE. Generally, additives are added to the perovskite precursor solution in meager amounts. Thus, there is a low probability of excess Cl− ions in the perovskite film.



One of the possible ways to add Cl to iodide perovskite is to add familiar sources of Cl, such as MACl (methyl ammonium chloride), FACl (formamidinium chloride), etc., which are also the basic constituent precursors of chloride–iodide perovskites [33,83]. When these precursors are added to the iodide-based perovskite precursor solution in excess amounts, it helps to yield chloride–iodide perovskite. At the same time, there is a possibility of generating mixed individual phases in the perovskite film. We have found in the previous section that extra MA+ or FA+ ions produce MAPbCl3 or FAPbCl3. Thus, there is a possibility of the creation of an alloy of pure halide perovskites, such as MAPbI3 and MAPbCl3 or FAPbI3 and FAPbCl3. MAPbCl3 possesses low formation energy and a low boiling temperature. MAPbCl3 decomposes into MACl and PbCl2. Again, during the annealing process at more than 100 °C, MACl leaves the perovskite film, resulting in the loss of Cl. It is known to all that annealing is an indispensable and crucial part of the formation of high-quality perovskite crystals. The common fabrication method involves spin coating the precursor solution onto the substrate. After that, usually, complete crystallization is obtained by annealing. Annealing is used to evaporate the organic polar solvent from the perovskite film, which helps to control the morphological and structural properties of the films. Annealing also eliminates residual stresses and internal defects within the film [84]. Usually, if annealing is not performed with a perovskite film, it requires the addition of specific reagents, such as guanidine iodide, to the precursor solution [85]. The Cl vacancies ultimately produce undesirable pinholes or cracks in the film. These issues make it challenging to dope Cl into the iodide-based perovskite matrix.



In this respect, researchers have used alternative sources of additives to incorporate Cl into the iodide-based perovskite system. For example, Wu et al. [56] selected Cl-FACl as an additive to stabilize chloride–iodide perovskite and thus restrain the removal of Cl and avoid undesirable defects in the film. They describe their postulated reaction process as follows:


Cl-FACl + MAI + PbI2 → Cl-FAI + MACl + PbCl2



(4)






MAI + MACl + PbI2 + PbCl2 → MAPbI3−xClx + MACl



(5)






Cl-FAI + MACl → Cl-FACl + MAI



(6)







In the first step of the reaction, MACl and PbCl2 are formed. The chloride ion has stronger electronegativity than the iodide ion. Thus, iodide ions in MAI and PbI2 exchange with chloride ions to produce MACl and PbCl2. In the second step, during chloride–iodide perovskite film formation, the Cl− ions further exchange with I− ions and transform into a chloride–iodide perovskite film. Furthermore, the Cl-FA+ ions capture the Cl− ions and restrain the removal of MACl during annealing, as MACl is volatile. In this way, the film quality improves, and defects are reduced after the introduction of Cl-FACl. Time-resolved photoluminescence of this sample shows a longer decay time, thus offering a more stable device. The PSC delivers efficiency of up to 20.36% with negligible hysteresis. The device also presents more than 94% of its initial performance after testing for 600 min.



Another interesting suggestion is that water could be an effective additive for chloride–iodide perovskite. Water behaves like a highly coordinated polar aprotic solvent and can be positively used as an additive. The idea of using water as an additive comes from the evidence that large-grain perovskite films with a lower defect density can be obtained by controlling the amount of humidity or moisture. Humidity or moisture represents the amount of water in the atmosphere. On the other hand, humidity or moisture decomposes perovskite into its compositional elements. Thus, it seems that water is harmful to perovskite films. Here, we see that water plays a dual role. Perovskite film’s crystallinity increases when an optimal amount of water is added but decomposes when an extra amount of water is added [86]. Therefore, it is interesting to investigate the role of water as an additive in chloride–iodide perovskite. To clarify the mysterious role of water, Li et al. [30] fabricated chloride–iodide film through an aquointermediate process. Here, water works as an additive. The film grows highly oriented along the (110) crystalline direction. Its diffraction intensity ratio of (110)/(310) is nearly two orders of magnitude higher than that of the film prepared traditionally, as shown in Figure 3a. During the formation process of the film prepared in the traditional way, three species are found, namely, MAPbI3−xClx, MAPbI3, and MAPbCl3, as described below:


MAI + PbCl2 → MAI + MACl + PbI2 → MAPbI3−xClx + MAPbI3 + MAPbCl3



(7)




whereas only MAPbI3−xClx is obtained through the aquointermediate process, as described below.


MAPbI3 + MAPbCl3 + H2O → MAPbI3−xClx∙H2O → MAPbI3−xClx



(8)







In the aquointermediate process, the chloride–iodide perovskite solution turns into powder through hydrolysis with 50% moisture. The powder is then dissolved into dimethylformamide and spin-coated to form the film. The simple halide exchange (Cl → I) process forms a high-quality film during annealing. The aquointermediate fabrication process is depicted in Figure 3b. The related PSC manifests a PCE of 16.9% with better thermal stability.




3.3. Solvent Composition Engineering


In perovskite film preparation, the solvent plays a critical role. Solvents not only play the role of dissolving the solutes but also determine the crystallization route. The chemical kinetics of perovskite precursors influence the microstructural properties [87]. Crystallization depends on the capacity of the precursor components to interact with each other in the solvent. Different solvents have different evaporation rates and solubilize the precursors in various ways due to their different chemical kinetics. Different solvents and solvent additives modify the structural uniformity and crystallinity of the perovskite film [88]. Here, we will discuss the solvent’s role in incorporating Cl into I-based perovskites.



From the previous sections, we find that the most convenient process of preparing chloride–iodide perovskite films is to use a 3:1 molar mixture of MAI:PbCl2 in a solution. In this process, there is a problem of excess unreacted MAI, as about three times more MAI than PbCl2 is used. The excess MAI produces MAPbCl3. The melting temperature and formation energy of MAPbCl3 are low. Therefore, during annealing, MAPbCl3 decomposes into MACl, and MACl leaves the film. This phenomenon produces various defects in the film, ultimately losing Cl. The chemical reaction in this process can be represented as follows:


MAI + PbCl2 ↔ MAPbI3−xClx + MAI + MACl



(9)







Mehdi et al. [89] explored the PCE of chloride–iodide PSCs with different volumes of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) as solvents. Their observations were based on four different solvent volume ratios of DMF:DMSO: 100:0, 80:20, 50:50, and 0:100. The highest PCE was obtained for the solar cell made in pure DMF. In X-ray diffraction spectra, they observed higher peak intensity in 100% DMF samples than in samples made from different volumes of DMSO. This result indicates the complete crystallization of the perovskite film. This result also shows that the chemical kinetics of the precursor elements of chloride–iodide perovskite are more suitable in DMF than in DMSO. The samples from 100% DMF also provided the lowest photoluminescence intensity, indicating the low charge carrier recombination, and the highest separation efficiency with the fastest migration process. In contrast, the samples with different volumes of DMSO showed the highest photoluminescence intensity. The results indicate a high number of surface defects due to the poor infiltration of the perovskite precursors, leading to high charge recombination. Fewer defects mean fewer Cl vacancies, less sublimation of MACl during annealing, and ultimately less unreacted MAI. DMF has a lower viscosity than DMSO. Therefore, it can be assumed that the chemical kinetics of different precursors of chloride–iodide perovskite are more favorable with less viscous solvents.




3.4. Deposition Method Engineering


Morphological control is a bottleneck in controlling state-of-the-art PSCs, especially mixed-halide perovskites. Some significant obstacles, including the generation of the alloying composition of MAPbI3 and MAPbCl3, the presence of unreacted MAI, and the sublimation of Cl, are crucial in the case of chloride–iodide perovskite. Cl vacancy defects are generated due to the sublimation of MACl. The film thickness is also related to the morphological properties of perovskite. Usually, a thicker perovskite film has fewer pinholes. Different deposition methods are used to overcome these obstacles. Here, we discuss various deposition methods of chloride–iodide films and the resulting PSC performance. Solution and evaporation process deposition methods are prevalent for chloride–iodide perovskite film deposition.



3.4.1. Solution Process Deposition


Solution process deposition is one of the main advantages of PSCs. This process not only is very cheap but also requires simple equipment and a low temperature. The prevalent methods used for solution process deposition are spin coating, dip coating, slot-die coating, and spray coating. Spin and dip coating are for small-scale production, whereas slot-die and spray coating are for large-scale production.



Spin Coating


Perovskite film deposited by spin coating using a single solution is known as one-step spin coating. A mixture of metal halide and organohalide salts in a specific ratio is typically dissolved in a common solvent to make a single solution. Perovskite film deposition by spin coating in two steps, where two different solutions are deposited step by step, is known as two-step spin coating. Here, two different halide and organohalide salts at specific concentrations are typically dissolved in two other solvents.



	
One-Step Spin Coating






One-step spin coating is one of the simplest methods for depositing perovskite films. The morphology of the perovskite film, specifically the film coverage, is controlled with different spin speeds and spin times in one-step spin coating [18,19]. However, the formation of a compact chloride–iodide perovskite film is not feasible with one-step spin coating, as there are two halide elements. In one-step spin coating, there are more than two precursor salts in one single solution to deposit the chloride–iodide perovskite film. For example, Wang et al. [20] developed compact chloride–iodide perovskite films using one-step spin coating from mixed lead halide precursors. The single solution contained MAI, PbI2, and PbCl2 with a molar ratio of 4:1:1. The possible chemical reactions are described as follows:


MAI + PbI2 → MAPbI3



(10)






MAI + PbCl2 → MAPbI3−xClx + MAI + MACl



(11)






MAPbI3 + MAI + PbCl2 → MAPbI3−xClx + MAI + MACl



(12)







PbI2 is more reactive with MAI than PbCl2. The formation of the chloride–iodide film may not be possible due to the difference in the reaction kinetics between MAI and PbI2 or PbCl2. The solubility of PbI2 and PbCl2 is low, even in dimethylformamide. Due to high MAI content, which is about four times that of PbI2 or PbCl2, there are two different phases: MAPbI3 and MAPbCl3. MAPbCl3 has a low boiling point temperature and formation energy. During annealing, MAPbCl3 decomposes into MACl and PbCl2. MACl is too volatile and escapes from the film, creating Cl vacancies. Cl vacancies significantly affect the PCE.



	2.

	
Two-Step Spin Coating







The chloride–iodide perovskite is made from a mixture of halogen salts (MAI, MACl, PbI2, PbCl2, etc.) in a common solvent in the one-step spin coating method. The solubilities of PbI2 and PbCl2 are low, even in dimethylformamide. Hence, two different solvents are used for different precursors in two-step spin coating. In two-step spin coating, a PbI2 or PbCl2 film is deposited in the first step, and the chloride–iodide film is formed from another MAI or MACl solution spin coating in the second step. Here, chloride–iodide perovskite film growth becomes more controllable because the nucleation and reaction rates can be independently manipulated [68]. Despite the above advantages of two-step spin coating compared to single-step spin coating, there are also some challenges in two-step spin coating.



The first challenge of two-step spin coating is the generation of the intermediate phase in the first step of two-step spin coating. According to Fan et al. [51], in the PbI2 and PbCl2 mixture solution, it is possible to generate a PbICl intermediate phase. The corresponding chemical reaction is given below.


PbI2 + PbCl2 → PbICl



(13)







There is also the possibility of unreacted PbI2. Therefore, in the second step of two-step spin coating, there can be two chemical reactions, as follows:


MAI + PbICl → MAPbI3−xClx + PbCl2



(14)






MAI + PbI2 → MAPbI3



(15)







Thus, after the second step, there is excess PbCl2 in the system. In addition, PbICl decomposes into PbI2 and PbCl2. This excess PbCl2 ultimately produces MAPbCl3 as follows:


MAI + PbCl2 → MAPbCl3 + PbICl



(16)







MAPbCl3 production is detrimental to perovskite films. Because the boiling temperature and formation energy of MAPbCl3 are low, it is easy to transform MAPbCl3 into MACl. MACl is volatile and can escape from the film during annealing. This phenomenon creates Cl vacancies in the film and degrades PCE. All the steps in two-step spin coating for the device fabrication process are depicted in Figure 4a. The PCE is 19.49%, and the corresponding J-V curve and external quantum efficiency with the integrated photocurrent are shown in Figure 4b,c, respectively.



The second challenge of two-step spin coating is the film’s generation of two regions (chloride-rich and iodide-rich). Compositional heterogeneities or non-stoichiometric areas modify the formation energies of deep-lying defects [90]. For example, Ko et al. [45] spin-coated a mixture of PbI2 and PbCl2 solutions in dimethylformamide in the first step. Then, the MAI solution in isopropanol was spin-coated in the second step to form the chloride–iodide perovskite film. They observed strange interdiffusion in the film because, after the second step, due to the interdiffusion process, the lower section of the film lacks iodine, while the upper section becomes iodine-rich. According to their observations, there are two different regions in the film: Region I, which is iodide-rich and chloride-poor, and Region II, which is iodide-poor and chloride-rich. The chemical reactions in these two regions are given below.



Region I:


PbI3−xClx (intermediate phase) + MAI (sufficient) → MAPbI3−xClx + MACl



(17)







Region II:


PbI3−xClx (intermediate phase) + MAI (insufficient) → MAPbI3−xClx + PbI2 + MACl



(18)







In Region I, ample MAI species exist. The available MAI helps to convert the unstable intermediate PbI3−xClx phase into perfectly stoichiometric MAPbI3−xClx. At the same time, MACl can flow out from the surface. MAI diffuses from Region I to Region II very slowly. Region II is deficient in MAI. This deficiency disrupts the stoichiometric balance of chloride–iodide perovskite.



Due to the low possibility of forming a stoichiometrically balanced chloride–iodide film in the two-step spin-coating process, the second step is altered by introducing dip coating. In spin coating, the interdiffusion of MAI might not happen properly due to the centrifugal force caused by rotation. In dip coating, PbI2 or PbCl2 or their mixed film is dipped vertically in MAI, MACl, or their hybrid solution, which may facilitate proper interdiffusion. For example, Jiang et al. [21] spin-coated PbI2 onto the substrate and then dipped the film into a solution of MAI:MACl in isopropanol to form a complete chloride–iodide film. Figure 5a shows the dip-coating procedure. The reaction between PbI2 and MACl occurs efficiently, facilitating the formation of the chloride–iodide film. This is evident from the surface and cross-sectional scanning electron microscopy images in Figure 5f,g,j. The resulting film is homogeneous and densely packed. Another PSC made with the same method by Docampo et al. [23] showed a PCE of 15.41%, where the spin-coated PbI2 film was preheated before the film was dipped into a heated MAI:MACl solution. In another work, Dharani et al. [22] added only 10 mol% PbCl2 with PbI2 and spin-coated it onto a substrate to make the film. Then, they dip-coated in the MAI solution and obtained better perovskite morphology. Cao et al. [53] prepared a PSC similarly and obtained a PCE of 17%. In another work, Dong et al. [24] used multicycle solution-based spin and dip coating. In this method, the PbI2 film was spun onto the substrate and annealed. Then, the PbI2 film was dipped in the MAI:MACl solution and annealed. This cycle continued until obtaining the film was thick enough. This multicycle interdiffusion results in substantial and well-oriented grains. The large grain size with reduced a grain boundary area contributes to a PCE of 18.9%.




Blade Coating and Slot-Die Coating


For fabricating lab-scale perovskite film, spin coating and dip coating are very popular methods. Spin coating and dip coating are not as favorable due to the difficulty of scaling up, so alternative thin-film coating methods such as blade coating and slot-die coating are much more popular. For the large-scale fabrication of PSCs, there are several challenges, such as poor interfacial contact between the perovskite layer and ETL/HTL; the amplification of bulk defects such as voids, pinholes, or impurities; and enhanced carrier recombination [91]. During large-size PSC fabrication, uncontrollable chemical kinetics during the transformation from PbI2/PbCl2 to perovskite is the key reason that macroscopic voids, pinholes, and contact defects occur. To remove these defects, a perovskite film of more than 1µm thickness needs to be fabricated. The primary problem is that the carrier diffusion length of MAPbI3 is much less than 1µm and is not suitable for large-size PSCs. Fortunately, chloride–iodide perovskite has a carrier diffusion length of more than 1µm and can be used to produce large-size PSCs.





3.4.2. Evaporation Process Deposition


Vapor-phase deposition suggests a potential solution to the limits imposed by solution process deposition in incorporating Cl into chloride–iodide perovskite [92]. In solution process deposition, we have seen in the previous sections that there is a possibility of generating MACl as a byproduct. MACl is volatile and can escape from the final perovskite film during annealing. Thus, there is a possibility of Cl vacancy generation. Vapor process deposition does not need any post-annealing treatment and reduces the probability of Cl vacancy creation. Again, the solubility of PbCl2 is very low in dimethylformamide, even lower than that of PbI2. The poor solubility of PbI2 or PbCl2 generally leads to significant morphological variations in the chloride–iodide perovskite film in solution process deposition, and ultimately, unstable device performance occurs. One of the main drawbacks of solution process deposition is the presence of pinholes, resulting in direct contact between the absorbing layer and the charge transport layer. This incident leads to a shunting path, a possible reason for the lower PCE with the solution process. In the vapor-phase deposition process, better morphological features, such as large uniform films, large grain size, fewer pinholes, etc., can be obtained.



Vapor-phase deposition can be performed in two ways: the co-evaporation of individual precursor elements or the sequential evaporation of precursor elements. Ngqoloda et al. [58] fabricated chloride–iodide perovskite films through facile two-step and three-step sequential vapor-phase deposition. In two-step vapor-phase deposition, PbCl2 and PbI2 are deposited in the first step and converted to chloride–iodide perovskite in the second step. In three-step vapor-phase deposition, first PbCl2 is deposited, followed by PbI2, and chloride–iodide perovskite is formed in the third step. These deposition steps are shown schematically in Figure 6a, together with the conversion to chloride–iodide perovskite. It is seen in Figure 6b–d that more compact morphology is obtained with three-step compared to two-step vapor-phase deposition. Liu et al. [26] observed crystalline features on the length scale of hundreds of nanometers in scanning electron microscopy images from the vapor-phase-deposited chloride–iodide perovskite film. In contrast, crystalline features on a length scale of tens of micrometers were found in solution-processed deposited chloride–iodide perovskite film. The superior uniformity of the vapor-coated perovskite film results in a substantially improved PCE of 15.4%. In another work, Liu et al. [93] also found a smooth surface, good surface coverage, and better crystalline size uniformity with vapor process deposition.



However, a significantly long fabrication time due to limited reaction interfaces is a significant problem in vapor-phase deposition. It is also hard to control the evaporation rates of the multiple sources of perovskite precursors. This is why excessive consumption of the more volatile MAI is possible.




3.4.3. Solution and Evaporation Process Deposition


Both the solution process and vapor-phase deposition have advantages and disadvantages. Some researchers used both approaches to incorporate Cl into I-perovskite films. PbCl2 and PbI2 have a solubility issue with dimethylformamide, so if the recipe has PbCl2 or PbI2, it is deposited with the vapor process. For example, Chen et al. [25] deposited PbCl2 with thermal evaporation and dip-coated the film into the MAPbI3 solution, which manifested a PCE of 15.12%. The final chloride–iodide film was obtained with the sequential repetition of this cycle (one cycle consists of vapor deposition and dip coating). In another work by Luo et al. [27], the MAI:MACl precursor was deposited through the vapor-phase deposition method on the spin-coated PbI2 film. The PSC showed 1152 h of stability in ambient conditions without encapsulation. Jang et al. [55] fabricated a chloride–iodide perovskite film by the single-source vapor-phase deposition of MAPbCl3 film and a repeated spin coating of the MAI solution. This process helps to control the Cl/I ratio more precisely via subsequent anion exchange. The repetitive MAI treatment gradually fills the interstitial voids in the film. The average grain size was found to be up to 1.2 μm. The atomic Cl content in the film can also be controlled with the number of MAI treatments. Here, a maximum PCE of 19.1% was achieved.



In summary, solution deposition should be performed as the first step, with vapor deposition as the second step. The solution deposition step necessitates post-annealing treatment. This is why PbCl2 or PbI2 film should be deposited with the solution deposition step and as the first step. MACl or MAI should be deposited with the vapor deposition process as the second step because, in the second step, the chloride–iodide perovskite film is formed, and vapor process deposition does not necessitate any post-annealing treatment. Therefore, there is no probability of MACl escaping from the film.





3.5. Annealing Process Engineering


After solution process deposition, thermal annealing is usually necessary to fully convert the precursor film into perovskite. Thermal annealing helps to remove residual solvents and enhances crystallization and grain growth. The crystal structure, grain size, and film uniformity are optimized during heat treatment. Different morphologies can also be obtained, depending on the conditions employed during the thermal annealing process (duration, temperature, ambient atmosphere, etc.) [68].



The annealing process has a very crucial role in chloride–iodide perovskite formation. For example, Grätzel et al. [94] suggested that the Cl-doped state would not exist at too high an annealing temperature because the Cl−-ion-containing phase would melt at 103 °C. On the other hand, Dualeh et al. [95] found that a minimum temperature of 80 °C is required to ensure solvent vaporization and the perovskite material’s crystallization. They also observed that increasing the annealing temperature to too high leads to the additional formation of PbI2, which is detrimental to photovoltaic performance, as PbI2 is insulating [96]. At lower annealing temperatures, the conversion to perovskite dominates following the reaction.


MAI + PbCl2 → MAPbI3−xClx + MACl



(19)







At higher annealing temperatures, there is the additional formation of PbI2, as described as follows:


MAI + PbCl2 → MAPbI3−xClx + MAI + MACl + PbI2



(20)







If the MAPbCl3 phase persists, Cl could leave the film as MACl during thermal annealing. MAPbCl3 possesses lower formation energy and a lower boiling point than MAPbI3−xClx. It decomposes into PbCl2 and MACl through annealing. MACl is more volatile than MAI. The escape of Cl results in undesirable vacancies and pinholes. From the above equations, residual MAI is found, which ultimately forms MAPbI3. However, a small amount of extra PbCl2 could facilitate the removal of excess MAI, even at low annealing temperatures [97]. In that case, a longer annealing time will be needed to properly form chloride–iodide perovskite. For example, Liu et al. [35] found that an excess Cl concentration in the precursor solution needs a longer annealing time. Ralaiarisoa et al. [98] witnessed that the domains containing the Cl-rich phase dominated in the early stage of annealing of the perovskite film. Only after sufficiently long annealing could one single perovskite phase with a homogeneous composition of Cl and I be found. The diffusion of Cl in the perovskite layer accompanies this composition evolution. Figure 7a shows a simple schematic representation of a cross-sectional image from time-of-flight secondary ion mass spectrometry. Here, in Figure 7a, it is illustrated that at the beginning of the annealing time, there are two different regions, namely, I-rich (region A) and Cl-rich (region B) regions. After a sufficient annealing time, completely homogeneous perovskite is formed (see Figure 7b). The authors found an aggregation of Cl between the active and charge transport layers after full annealing, as shown in Figure 7b.



Therefore, it is a significant challenge to incorporate Cl into iodide perovskite. To deal with this issue, researchers tried a moisture-assisted annealing process. For example, Liu et al. [48] obtained a 15.55% PCE from chloride–iodide PSCs by employing moisture pretreatment before annealing and annealing in hot air. The entire fabrication process is illustrated in Figure 7c–e. The PCE increased from 9.05 to 11.87% when the moisture pretreatment process was used and from 9.05 to 15.55% when both moisture pretreatment and annealing in hot air were used. They explained the reasons behind the improved PCE with several chemical reactions, as follows:


MAI + PbCl2 → MAPbI3 + MACl



(21)






MAI → MA+ + HI



(22)






MACl → MA+ + HCl



(23)







Since MACl is thermally unstable, it readily decomposes and is sublimated from the perovskite film, resulting in the final film not containing any Cl after the thermal annealing process. As MAI is hygroscopic, the solid MAI becomes a liquid when the perovskite precursor absorbs moisture during heat pretreatment. Consequently, this process decreases the MAI available to react with PbCl2 during film formation. This incident results in some amount of Cl remaining in the final film. In addition, the generated MAI and hydroiodic acid serve as additives in the precursor film and enhance the crystallinity of the film. Finally, the remaining Cl can be incorporated into MAPbI3.



There is also a relationship between moisture treatment and the annealing time. Cronin et al. [99] reported that humidity and the annealing time are closely interrelated for chloride–iodide perovskite film preparation. Both are vital factors that affect the performance of devices. A trade-off between humidity and the annealing time is required for optimal conditions. They proposed the following mechanism for perovskite formation:


MACl + PbCl2 → MAPbI3 + MACl



(24)







Because MAI is hygroscopic, moisture exposure speeds up the conversion of the perovskite compound from the precursor and leads to faster grain growth [100,101]. Again, too much humidity can cause the degradation of MAPbI3 as follows:


MAPbI3 → PbI2 + MAI + HI



(25)







Too much humidity creates MAI and creates voids. Additionally, a long annealing time under high humidity increases the number of shunt paths in the film. They proposed a plot that enables the identification of the trade-off. The plot shows the response surface generated from the average efficiency of the cells. There are two input variables: annealing time and humidity.



Moreover, annealing the film in a solvent-induced environment helps Cl incorporation. Liu et al. [28] obtained chloride–iodide film with a grain size of up to 1.1 µm with a solvent-induced annealing process. The film was made from MAI, PbI2, and PbCl2, with a 4:1:1 molar ratio, and annealed in a dimethylformamide environment. The whole process is shown in Figure 7f. Here, a Cl-containing intermediate phase is formed, and MACl is released. The release of gaseous MACl assists in the crystallization and recrystallization of perovskite. During the annealing process in dimethylformamide, the chemical kinetics that takes place is suggested to occur in three steps.



Step 1:


MAI/MAPbI3 + PbI2



(26)







Step 2:


MAI/MAPbI3−xClx + PbCl2 + MACl + MAI



(27)







Step 3:


MAPbI3 + PbCl2 + MAI2/MAPbI3−xClx + MACl + MAI



(28)







The intermediate phase delays the formation time of chloride–iodide perovskite. The delay is beneficial for the perovskite crystallization process [102]. This process promotes the migration and interdiffusion of precursor ions and molecules. This process is effective for Cl incorporation [103].




3.6. Device Structure Engineering


There are significant effects on the photovoltaic performance of chloride–iodide PSCs depending on whether they are porous (meso or nano) or planar alongside a regular (n-i-p) or inverted (p-i-n) structure [104]. In most high-efficiency devices, chloride–iodide PSCs have mesoporous structures. The mesoporous design facilitates the infiltration of perovskite. This is why thicker and more uniform perovskite films can be deposited on a porous (meso or nano) scaffold [68]. The mesoporous structure can selectively extract electrons from perovskite, further improving the photovoltaic performance. On the other hand, the planar structure has a comparatively simplified device structure but lower efficiency than the mesoporous structure [105]. The planar heterojunction is a more technologically viable architecture with large-scale manufacturability [68].



Docampo et al. [106] found a higher PCE from inverted porous PSCs than regular planar PSCs made with chloride–iodide perovskite films. In the mesoporous structure, the perovskite and charge transport layers are in close contact due to distributed heterojunctions, which allow efficient charge transfer over a short distance. On the other hand, in a planar structure with bulk heterojunctions, the photoexcited charges must travel through the whole film thickness to be collected by the electrodes. Therefore, the photoexcited charge recombination probability is much higher in the planar heterostructure. Again, the perovskite film thickness is crucial in optimizing planar heterojunction PSCs. A very thin film does not absorb sufficient sunlight. There is a substantial chance that the charge transport layers will not collect the photogenerated charge in a very thick film. In this case, there is a possibility that the electron–hole diffusion length will be shorter than the film thickness. Fortunately, the electron–hole diffusion length is greater than 1 µm in chloride–iodide perovskite. In contrast, iodide perovskite has a diffusion length of about 100 nm, mainly due to a much longer recombination lifetime [12].



In addition, X-ray photoelectron and ultraviolet photoelectron spectroscopy analyses of chloride–iodide perovskite films prove them to be n-type semiconductors [16]. This finding indicates high electron conductivity, which could lead to leakage current. Kelvin probe force microscopy measurement reveals that the Fermi level is closer to the center of the bandgap of chloride–iodide perovskite [21]. Therefore, there should not be a significant difference in PCE in chloride–iodide PSCs, whether in a regular or inverted structure.





4. Optimal Concentrations of Chlorine and Iodine


In this section, we will discuss the optimal concentrations of chlorine and iodine for improved efficiency and stability in chloride–iodide perovskite. The discussion is based on the data in Table 1.



4.1. Efficiency


Operational efficiency is a PSC’s most crucial performance parameter, just like in other solar cells. There are two possible types of precursor combinations for preparing chloride–iodide perovskite: MAI/PbCl2 or MACl/PbI2. As PbCl2 is less soluble than PbI2, the MACl/PbI2 combination is preferred. However, the PCE value is higher in MAI/PbCl2 than in the MACl/PbI2 combination, and MAI/PbCl2 is popular. Usually, the MAI/PbCl2 combination with excess MAI (3 times the amount of PbCl2, where the Cl concentration is 40%) is used. From Table 1, it is also found that most of the works used 40% Cl. This combination does not stoichiometrically reproduce a chloride–iodide perovskite film. Apart from that, a few of the works report optimal efficiencies with a 33% Cl concentration (MACl:PbI2 = 1:1) and a 67% Cl concentration (MAI:PbCl2 = 1:1). There are a couple of works reporting optimal efficiencies with a 25% Cl concentration with a molar ratio of MAI:PbI2:PbCl2 = 4:1:1. Again, this combination does not stoichiometrically reproduce a chloride–iodide perovskite film. Rao et al. [36] and Huang et al. [57] obtained an optimal PCE with a 10% Cl concentration (PbI2:PbCl2 = 9:1). Here, they varied the molar ratio of PbI2:PbCl2 from 1:9 to 9:1 with 1 molar MAI. Similarly, Mu et al. [33] obtained the highest PCE with a 7% Cl concentration. In Table 1, some cells for Cl concentration values are empty; these indicate that combined methods such as spin-coating–dip-coating, vapor-coating–dip-coating, etc., were used. This is why it is not easy to directly quantify the Cl concentration. Additionally, some authors added extra PbCl2. Pham et al. [52] added 2.5% PbCl2, which means 5% external Cl− ions were used to obtain their optimal PCE. In a similar way, Cao et al. [53] added 5% PbCl2 (10% Cl− ions) to obtain the optimal PCE. Note that even for the same Cl concentration, the PCE values show anomalies, according to Table 1. There is no linear relationship between PCE and the Cl concentration, as most of the works improved their device performance in various ways, such as interface engineering and electron–hole transport layer engineering. They just followed their desired Cl concentration from the previous literature. In Table 1, we see that the best photovoltaic parameters of chloride–iodide PSCs are as follows: Jsc is 25.86 (mA/cm2) [57], Voc is 1.17 V [62], FF is 82.78 [54], and PCE is 21.23% [62]. It is noteworthy that the highest theoretical Shockley–Queisser-limit [107] performance parameters for the chloride–iodide PSCs are as follows: Jsc is 27.20 (mA/cm2), Voc is 1.28 V, FF is 90.2, and PCE is 31.4% [108]. Therefore, there are still many areas where it could be possible to improve the performance parameters.




4.2. Stability


There is a concern about whether PSCs will be stable for the decades expected for commercialization [109,110,111]. Without improving the stability, it will not be possible to transfer them from the laboratory to the industry, even if they possess lucrative efficiencies. Their long-term stability has become the most crucial question. Their stability is still an unresolved challenge for their outdoor applications [112,113]. Undesirably, perovskites possess an intrinsically unstable nature [114]. Specifically, they have the propensity to be sensitive to certain ambient outdoor conditions [115,116,117]. Their stability degrades upon severe environmental conditions, e.g., humidity, heat, and light [118,119,120]. These conditions seem to be the bottleneck that hinders their further commercialization [119]. To achieve a highly stable device, the degradation mechanism of perovskite materials should be investigated [121,122]. In addition, they need to pass accelerated aging tests under different stressful conditions if we want to commercialize them. Widespread accelerated aging tests include light soaking at temperatures from 60 °C to 85 °C with 85% relative humidity for at least 1000 h [123]. While reasonable efficiency has been demonstrated, as is found in Table 1, the stability issue of chloride–iodide PSCs is almost wholly ignored. This is why finding the relation between stability and the Cl concentration is difficult. However, Naoki et al. [124] developed a model of the degradation mechanism of chloride–iodide perovskite solar cells. At the same time, they explored the effect of adding a small amount of extra PbI2/PbCl2 on the stability of chloride–iodide perovskite solar cells. They used three different types of samples with a common molar ratio of MAI:PbCl2 (3:1) for their experiment. The first one had an extra 10% PbI2, which is denoted as (+PbI2), the second one had an extra 10% PbI2 + 5% PbCl2, which is denoted as (+PbI2 +PbCl2), and the third one had an extra 10% PbI2 with a higher concentration, which is denoted as (+PbI2 (HC)). A schematic depicting the carrier transport and decomposition mechanisms for chloride–iodide perovskite crystals is illustrated in Figure 8. The grain size of the ((+PbI2 (HC)) sample is larger than that of the (+PbI2) sample, whereas the grains are in the most compact form in the (+PbI2 +PbCl2) sample. When all the samples are exposed to ambient air, MA+ and HI desorb from the surface of the perovskite layer, and the perovskite crystals decompose into PbI2 crystals at the interface of perovskite/spiro-OMeTAD. There is also the possibility of PbCl2 formation, although the Cl concentration is much lower than the I concentration. It is important to add that PbI2 and PbCl2 are a little bit insulating in nature. The PbI2 crystals that are formed on the perovskite surface work as nuclei, and this process is harnessed by the addition of extra PbI2. This phenomenon reduces the decomposition of the perovskite crystals at the perovskite surface, enhances the smoothness of the perovskite/spiro-OMeTAD interface, and increases the distribution density of perovskite grains. From the stability test, it was found that the extra-Cl-containing one was the most stable, which suggests that Cl doping effectively stabilizes the PSC.





5. Challenges of Chloride–Iodide PSCs


Here, we discuss different issues that can affect the efficiency and stability of chloride–iodide PSCs and Cl’s role in mitigating them. The significant challenges of chloride–iodide perovskite can be divided into two groups: intrinsic factors, such as phase segregation, radius mismatch, Cl sublimation, etc., and extrinsic factors, such as moisture, heat, light, etc.



5.1. Chlorine and Iodine Phase Segregation


Phase segregation is a common phenomenon in mixed-halide perovskites and is severe in chloride–iodide perovskites. Obtaining a continuous, properly distributed chloride–iodide solid-phase film is a big challenge for chloride–iodide PSCs. Excessive co-existing wide-bandgap MAPbCl3 will generate fewer photogenerated electron–hole pairs, inhibit electron transfer, and deteriorate the photovoltaic performance [72]. Phase segregation in chloride–iodide perovskite can occur at two different times. One is during the film’s growth, and another one is during the film’s annealing.



The materials are usually self-assembling during film growth, and the constituent components explore diverse possible configurations during the assembly process. They choose the weakest bonding interactions to find the most energetically favorable one. As a result, heterogeneous nucleation sites can occur instead of homogeneous nucleation. For example, Tidhar et al. [65] found that PbCl2 in the perovskite precursor solution has a remarkable effect on perovskite synthesis. During the fabrication process, PbCl2 forms nanocrystals. These nanocrystals act as heterogeneous nucleation sites at the time of the formation of perovskite crystals in the solution. Thus, if the system has both PbI2 and PbCl2, there is a possibility of the formation of two different phase domains, such as MAPbI3 and MAPbCl3.



The phase segregation process continues even after film growth during annealing. Williams et al. [75] found discrete nucleation immediately upon deposition and the initial annealing of the chloride–iodide perovskite film. They observed discrete PbCl2 nucleation directly after deposition, as shown in Figure 9a. They identified a Cl-rich region near the substrate during annealing, depicted in Figure 9b. After complete annealing, they also observed segregated Cl and I phases (see Figure 9c). Qiao et al. [69] reported that the chloride–iodide perovskite single crystal is metastable and decomposes over time into MAPbI3 and MAPbCl3 phases based on time-dependent X-ray diffraction and nuclear magnetic resonance. Mamun et al. [44] took the photoluminescence spectrum of a chloride–iodide perovskite film and found it to be asymmetric in shape. The photoluminescence spectrum was deconvoluted using a bi-Gaussian function, representing the presence of segregated phases (MAPbI3 and MAPbCl3). They also performed photoluminescence mapping and observed that the segregated phase mainly comes from the grain boundaries.



MAPbI3 and MAPbCl3 correspond to two crystalline phases at room temperature: tetragonal and cubic. Two different crystalline phases and local oriental heterogeneity due to phase segregation might cause local residual stress and strain. Generally, the stress and strain concentrate at the grain boundaries. The presence of local stress and strain facilitates the formation of vacancies. These vacancies might initially create shallow defects, turn into deep traps via charge transfer with oxygen or water molecules, and accelerate perovskite degradation in ambient conditions [125]. Therefore, the generation of Cl vacancies might be further fueled. The typical route for trap passivation is based on Lewis acid–base chemistry approaches due to the ionic nature of perovskites. The Lewis acid–base adduct approach is helpful for defect passivation [126]. A Lewis acid capable of accepting a pair of nonbonding electrons can passivate electron-rich defects. In that case, extra Cl− ions can be added to the perovskite precursor solution [127]. Saidaminov et al. found that a small amount of Cl substitution could reduce the lattice strain of FAPbI3 and suppress defect formation [125].




5.2. Chlorine and Iodine Radius Mismatch


It is well known that there is a radius difference between chlorine and iodine. Iodine is bigger than chlorine. It is believed that small-size Cl’s incorporation to replace larger-size I makes the unit structure more compact. This should reduce I− ion migration. At the same time, due to the size mismatch, it is challenging to incorporate Cl− ions and reduce Cl− ion migration. Ion migration is one of the most thought-provoking and mysterious phenomena in perovskite devices and leads to poor stability. This intrinsic phenomenon in perovskite materials occurs owing to their ionic conducting nature. One of the primary routes of ion migration in perovskite is the availability of vacancies (Schottky, Frankel, etc.) in the crystal [128,129]. For example, I− ions might easily migrate through the polycrystalline perovskite grains and even out the perovskite layer through interference with the metal electrode [130]. Huang et al. [131] employed photothermal-induced resonance microscopy to map the distribution of ions in a perovskite film. The measurements demonstrate the movement of the MA+ cation under an external electric field. In another work, Huang et al. [132] measured energy-dispersive X-ray spectroscopy under an external electric field on a perovskite film. The above discussion indicates the easy movement of I− ions in perovskite films. It is believed that the mobile I− ions will not return to their original positions in the lattice. Compared to the original perovskite structure, the redistributed one should have more residual stress and strain within the lattice and thus results in poorer stability. The iodide ion has the lowest defect activation energy of 0.58 eV, indicating that the vacancy-mediated diffusion of the I− ion is most favorable. At the same time, the activation energy of the MA+ cation is found to be higher, and the value is 0.84 eV. The activation energy of the Pb2+ ion is as high as 2.31 eV, indicating that the Pb sublattice is immobile, which should not be connected to ion migration [133,134].



Additionally, a strange I-V hysteresis phenomenon is observed for PSCs. The variations in the I-V characteristics depend on the direction and voltage sweep rate [135]. The origin of hysteresis is still an open debate, although I− ion migration is considered one of the main culprits. I− ion migration results in charge traps and an imbalance in the number of electrons and holes, which might produce ferroelectricity. Figure 10 shows various origins of hysteresis that occur in PSCs. Hysteresis raises a significant concern, as it undermines the accuracy of the measured efficiencies of these devices. Hysteresis is also considered a hindrance to stable PSCs since it strongly affects the reliability of the device’s photovoltaic performance under practical conditions [136].



Under light illumination, a perovskite film absorbs photons and generates electron and hole charge carriers. The photogenerated electron and hole are selectively separated and collected by the cathode and anode, respectively. An ohmic contact between the semiconductor and metal electrode is preferred to obtain efficient charge carrier collection to reduce the interfacial energy barriers for charge transfer at the contact. Therefore, p-i-n-structured PSCs commonly employ a metal electrode with a low work function, such as Al and Ag, while a metal electrode with a high work function, such as Au, is preferred for n-i-p-structured PSCs [138]. There is a possibility of the diffusion of I− ions or metal particles into the perovskite layer and their reaction. For example, Ag and Al might react with I in perovskite and form AgI [139] and AlI3 [140], respectively. These phenomena strongly affect the long-term device stability of PSCs.



Therefore, the primary strategy to mitigate the detrimental effect of mobile ions is enhancing the chemical bonding among perovskite elements [140]. Table 1 shows that in most of the chloride–iodide PSCs, small hysteresis is observed. Saidaminov et al. [125] suggested that incorporating Cl suppresses the density of vacancy defects by lattice strain relaxation. Strain originated from the size mismatch between MA+ or FA+ and the lead halide cage. Strains result in cage distortions, tilting PbI6 or PbCl6 octahedra, and the formation of halide vacancies. The lattice strain can be reduced by incorporating small ions such as Cl. Hence, Cl addition can effectively mitigate the appearance of vacancy defects in chloride–iodide perovskites. Their PSC (unencapsulated) exhibits a slow PCE degradation rate (loses 0.25% per min) under one sun illumination with a relative humidity of about 50%. In comparison, Cl-free PSC fails at 1.5% PCE per min, meaning faster degradation.



Cl incorporation into I-perovskite results in a more compact, strain- and stress-free crystal structure. The Pb-Cl bond is stronger than the Pb-I bond [141]. As a result, there is a lower concentration of iodide ions to react with the metal contact.




5.3. Chlorine Sublimation during Annealing


The literature survey found that the most popular recipe for chloride–iodide perovskite is a 3:1 molar ratio of MAI:PbCl2. As about a three-fold higher quantity is used, there is a possibility that extra MAI remains. The remaining MAI can be transformed into MAPbCl3. The boiling temperature and formation energy of MAPbCl3 is lower than the average annealing temperature of perovskite. As a result, MAPbCl3 decomposes into MACl. MACl is too volatile. This is why, during annealing, MACl escapes from the film. This phenomenon results in Cl vacancies, which are detrimental to PCE. A detailed discussion on this topic is presented in Section 3.5.




5.4. Moisture Effect


Moisture or humidity (H2O) in ambient air affects the chemical stability of PSCs. Nearly all research groups perform perovskite deposition in a dry atmosphere to avoid ambient exposure during device fabrication. Ensuring a dry atmosphere is not feasible or cost-effective for the large-scale production of PSCs.



The rapid degradation of chloride–iodide perovskite due to humidity can be observed from its color change from dark brown to yellow. Specifically, MAPbI3 perovskite is prone to react with moisture in the surrounding atmosphere. Highly hygroscopic MAI cations suck up water from the environment. MAPbI3 transforms into aqueous MAPbI, and there is also solid PbI2 (PbI2 is insulating in nature and hinders efficient charge transmission) remaining, which is shown as follows [142]:


MAPbI3 + H2O → MAPbI + PbI2 + H2O



(29)







During this phenomenon, perovskite partially dissolves and forms hydroiodic acid. The following chemical reactions describe the degradation of aqueous MAPbI induced by moisture [143].


MAPbI → MAI + HI



(30)







In the case of oxygen exposure, the above degradation speeds up as the bonding strength between the MA+ cation and hydrogen is reduced [144]. In the presence of oxygen, hydroiodic acid transforms into iodine and water components as follows:


HI + O2 → I2 + H2O



(31)







In the presence of ultraviolet radiation, hydroiodic acid breaks down into hydrogen and iodine as follows:


HI → H2 + I2



(32)







The degradation process of MAPbI3 with moisture follows several consecutive steps: surface passivation, free electron doping, interfacial hydration, and bulk hydration. MAPbI3 contains uncoordinated bonds that serve as charge traps and exist on the surface and grain boundaries. When moisture comes into contact with the surface of MAPbI3, the moisture can rapidly form hydrogen bonds with uncoordinated iodine atoms on the surface. As a result, a continuous network composed of water molecules that overlay the perovskite surface is formed. The water molecular network donates free electrons to the bulk perovskite as effective n-type doping. Gradually, moisture penetrates through the surface of the perovskite. Surprisingly, an intermediate low-dimensional hydrated perovskite layer protects the bulk perovskite from moisture during this process. This phenomenon may be why some devices fabricated in certain humid environments can enhance photovoltaic performance [143].



The partial substitution of Cl for I in MAPbI3 helps the stability of the device in humidity [145,146]. Fabrication in humid ambient air or with a little water added to the perovskite precursor solution helps to grow quality chloride–iodide perovskite films. The boiling temperature of the water is lower than that of dimethylformamide. He et al. [49] found that water can resist the decomposition of the perovskite film and weaken iodide ion migration, enhancing the device’s stability in the atmospheric environment. A PSC device with 1.5% water added maintained a PCE of 12.01%, higher than that (1.64%) of the reference device, after being stored in the air for 120 h. The PCE of a PSC with water added is 14.02%, higher than that (11.17%) of the reference device without water added. Figure 11a shows the operation process for preparing PSCs in ambient air with water added. Figure 11b shows the variation in key performance parameters of PSCs without and with 1.5% H2O. Another alternative is adding a hydrophobic inorganic precursor such as CsCl as an additive [147,148,149,150,151]. The inorganic precursor will act as a water-repelling additive to promote moisture resistance and increase the hydrophobicity of the component [152].




5.5. Heat Effect


Besides moisture stability, thermal stability is another fundamental concern for PSC commercialization. There are two possible thermal effects on the stability of chloride–iodide PSCs: phase transition and chemical degradation.



In normal practical conditions, direct exposure to sunlight (e.g., 100 mW/cm2 in full sun) increases the solar panel temperature. Heat accumulation can raise temperatures to as high as 85 °C because of continuous exposure to sunlight illumination. Thus, for PSCs working under sun illumination, the temperature of the solar cells is greater than the phase transition temperature for MAPbI3 from the tetragonal to cubic phase [92]. When sunlight is absent, the solar panel temperature decreases toward the normal ambient phase transition temperature from the cubic to tetragonal phase. This cyclic phase transition affects the photovoltaic performance of solar cells. It is hoped that with the addition of a chloride base precursor to iodide perovskite, the phase transition process does not occur. This would ultimately enhance the stability of the solar cells.



Furthermore, perovskites decompose into their original precursor elemental components when heated [68]. Conings et al. [153] found that degradation occurs at 85 °C even in inert conditions. To better understand thermally induced degradation, they calculated the formation energy per unit cell in chloride–iodide perovskite. They found values of around 0.11–0.14 eV. The thermal energy (0.1 eV) estimated at 85 °C is close to this formation energy. Hence, the degradation of chloride–iodide perovskite at 85 °C is expected. However, Xu et al. [72] found that for Cl contents, about 10% could help to improve the thermal stability of chloride–iodide perovskite. Chae et al. [154] also observed that the chloride–iodide perovskite film was thermally stable up to 140 °C for a Cl concentration of less than 5%.




5.6. Light Effect


MAPbI3 also shows chemical degradation when exposed to ultraviolet light. Photoinduced ion migration, halide segregation, and chemical degradation are expected consequences of prolonged light illumination on perovskites [155]. Light produces hydroiodide from MAPbI3. The following chemical reaction happens on MAPbI3 upon ultraviolet light exposure.


MAPbI3 ↔ PbI2 + MAI + HI



(33)







In the presence of oxygen, iodine is generated from the remaining MAI, and the process can be described as follows:


MAI + O2 → MAI + H2O + I2



(34)







The remaining MAI can also transform into iodine in the presence of carbon dioxide as follows:


MAI + CO2 → MAI + HCO2 + I2



(35)







Recent work demonstrates that photoinduced chemical degradation is largely suppressed by directly alloying with 2 to 5% Cl into the lattice of FAC-based perovskite [156]. The resulting PSC maintains 96% of the initial PCE after 1000 h in a N2 atmosphere.





6. Conclusions


In conclusion, Cl incorporation with I-based perovskites enhances efficiency and the device’s stability. Usually, Cl preferentially aggregates near the interface of the perovskite and charge transport layers, which helps efficient interfacial charge extraction. The bonding strength of Pb-Cl is higher than that of Pb-I. Thus, Cl incorporation should produce a more compact crystalline structure. Cl improves crystallographic texture, crystalline orientation, and polycrystalline morphological aspects. Incorporating a small amount of Cl into I-perovskite could transform the crystal phase from tetragonal to a more stable cubic phase at room temperature. These optoelectrical and morphological improvements help to enhance the photovoltaic performance.



From the above review, it can be concluded that the probability of miscibility between Cl and I is too low because of phase segregation, a significant difference between their ionic radii, the sublimation of Cl during annealing, etc. Due to phase segregation, different chloride and iodide perovskite phase domains are created in the chloride–iodide film. Chloride perovskite has a cubic structure, and iodide perovskite has a tetragonal structure at room temperature. These different phase structures in the same film create local stress and strain in the film and cause instability. Due to the low miscibility of Cl with I, the chloride–iodide phase is either metastable or possesses higher formation energy. Again, Cl can escape from the film in the form of MACl, and the creation of Cl vacancies could also make the chloride–iodide perovskite unstable. As shown by the above review, different methods have been followed in various studies in the literature to discover how to incorporate chlorine into iodide perovskites and make them stable. We now discuss some possible strategies to solve this issue.



	
Different molar ratios of precursors, such as MAI, MACl, PbI2, PbCl2, etc., are usually used to fabricate chloride–iodide perovskites. Excess MA+ ions produce unwanted MACl. MACl escapes from the film during annealing and creates Cl vacancies. In contrast, extra Cl contents result in a poorer PCE. It is found from Table 1 that a 5–10% Cl concentration is the optimal condition. However, in most of the literature, the Cl concentrations that are calculated for the precursor solution and measured in the film are not the same. Therefore, it is necessary to identify a more accurate molar ratio. Another way is to add 5–10% extra PbI2 to the chloride–iodide perovskite precursor solution. By adding PbI2, the recombination of electrons and holes should be reduced [157].



	
Different Cl-containing additives can be used, especially those with bigger cation sizes than MA+ or FA+ cations. These additives would introduce only Cl− ions in the system. However, regarding the role of cations such as MA+ and FA+ in the additive, the cation needs to be large enough not to be incorporated into the lattice and thereby maintain the pristine perovskite bandgap. Additives such as ammonium chloride [158], poly ammonium chloride [159], etc., would be better candidates.



	
Takeo et al. [160] found the best PCE with the chloride–iodide-based PSC fabricated at 140 °C. This is because in a temperature range of 130–150 °C, even in ambient air conditions, the humidity effect should be reduced. At the same time, this temperature would provide sufficient diffusion and interaction between the reactants for perovskite formation. In the case of chloride–iodide perovskite, annealing leads to the sublimation of Cl in the form of MACl. Specifically, annealing at more than 100 °C could initiate Cl sublimation. At the same time, at least 80 °C is necessary for perovskite crystallization. Therefore, to overcome this problem, annealing in the presence of moisture or solvents such as dimethylformamide can be performed to help reduce Cl sublimation.



	
Dangling bonds on the perovskite film surface are responsible for the creation of surface states. These surface states work as trap states and increase nonradiative recombination. Thus, the Voc voltage is reduced, as well as the PCE. Again, grain boundaries in the polycrystalline thin film work as a permeation route for oxygen and moisture. Thus, they severely impact the stability of PSCs. Therefore, it is clear that the surface is a critical point for efficiency and stability. To solve these issues, interface engineering is a good option. It is possible to passivate positively and negatively charged defects by utilizing the Lewis acids and bases. In this regard, various functional groups, especially ligands (bidentate anilinium [161], ethylenediamine [162], etc.) are very effective passivators. As the halogen site of perovskite works as a Lewis base, any ligands that have Lewis acids will interact with each other. The electronegativity of chlorine is higher than that of iodine. Thus, the chlorine content in perovskite would facilitate more efficient interaction with Lewis acids. Another bottleneck of PSCs is the unprotected vertical side of the perovskite thin film. Moisture and water can easily penetrate through this lateral side. Post-device ligand treatment could effectively reduce this problem and increase the stability of PSCs. In post-device ligand treatment, ligand vapors will induce chemical modification in the selected lateral regions of the perovskite layer. This prevents the diffusion of moisture and oxygen into the protected active perovskite region, thus enhancing the PSC stability. For example, diethylenetriamine molecules can interact with MAPbI3 via the substitution of MA+ [163]. We know that in chloride–iodide perovskite, excess MA+ reacts with Cl− and forms MACl as a byproduct, which is not desirable. Through post-device ligand treatment, diethylenetriamine molecules reduce the quantity of MA+ and thus decrease the formation of MACl.



	
HTL materials are crucial for the stability of the PSC. To date, Spiro-MeOTAD, P3HT, and PEDOT:PSS are usually used as HTL materials and can be deposited through cheap solution process deposition. Spiro-MeOTAD and P3HT are costly materials, although Spiro-MeOTAD is the most used HTL material. LiTFSI salt doping in Spiro-MeOTAD is needed to increase p-type conductivity. LiTFSI is a hydrophilic salt and is considered the main reason for the moisture-induced degradation of Spiro-MeOTAD. Again, in the case of chloride–iodide perovskite, there is a possibility of the formation of LiCl, which is hygroscopic and could affect the stability of the PSC. On the other hand, PEDOT:PSS is a comparatively cheap material, although it needs high annealing temperatures to remove water content. Thus, an annealing-free dry deposition process of PEDOT:PSS would be a good option. Oxidative chemical vapor deposition is an alternative option to deposit conductive polymers in dry conditions [164]. In this powerful method, polymerization, doping, and thin-film formation are possible to perform simultaneously. The mild fabrication conditions permit the direct deposition of polymer conducting layers onto thermally sensitive substrates.



	
The biggest challenge for PSCs is to transfer them to the industry from the laboratory. To date, almost all efforts to improve their efficiency and stability have been on the laboratory scale and, of course, used cheap solution process methods. In laboratory-based small-size PSC fabrication with spin coating, researchers are struggling to make defectless interfacial contacts, as well as bulk films. Due to their small size, it is somewhat manageable to fabricate perovskite thin films with fewer defects, whereas, for large-size solution-based PSCs, slot-die coating is popular. For large-size solution-based PSC fabrication, controlling the defect density is very challenging. One possible way is to make thicker films, which will have a lower defect density. In this case, chloride–iodide perovskite offers an advantage for large-size commercial production. The carrier diffusion length is much longer for chloride–iodide perovskite compared to other types of perovskites. Again, another challenge is to control the surface roughness factor. A smoother surface has a lower roughness factor. For chloride–iodide perovskite preparation, there is a problem of the low solubility of PbI2 and PbCl2, even in DMF. In this case, two-step slot-die coating would be a possible solution. Chang et al. [165] prepared three types of solutions with PbI2—with only DMF, with both DMF and DMSO, and with only DMSO—in a two-step fabrication process to fabricate MAPbI3 films. They found a colloidal-like PbI2 solution with only DMSO and a much smoother surface with a lower surface roughness factor. Therefore, one possible way to overcome the problem is to make a PbCl2 colloidal solution in DMSO and deposit it on the MAI film in a two-step slot-die coating process.
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Figure 1. (a) Schematic representation of long diffusion length, long carrier lifetime, large grain size, more Cl− ion migration, and less I− ion migration in chloride–iodide perovskite compared to iodide perovskite. (b) Three major challenge of Chloride-iodide PSC: first is Cl and I radius mismatch, second is Cl and I phase segregation, and third is Cl sublimation during annealing. 
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Figure 2. Color evolution of the chloride–iodide perovskite film with annealing time and the corresponding X-ray diffraction patterns. The insets show the optical images of the films. (a) As-spin-coated. (b) After 10 min. (c) After 45 min [78]. Scanning electron microscopy images of chloride–iodide perovskite films deposited with various amounts of extra PbCl2: (d) 0%, (e) 1.5%, (f) 3%, (g) 4.5%, (h) 7% [13]. Scanning electron microscopy images of chloride–iodide perovskite films obtained with different ratios of precursor solutions: (i) 3:1 (MAI:PbCl2), (j) 4:1:1 (MAI:PbI2:PbCl2), (k) 1:1:1 (MAI:MACl:PbI2). Atomic force microscopy images of chloride–iodide perovskite films obtained with different precursor solutions: (l) 3:1 (MAI:PbCl2), (m) 4:1:1 (MAI:PbI2:PbCl2), (n) 1:1:1 (MAI:MACl:PbI2) [79]. 
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Figure 3. (a) X-ray diffraction pattern of chloride–iodide perovskite films prepared by traditional and aquointermediate processes. (b) Schematic view of the aquointermediate process for the fabrication of chloride–iodide perovskite film [30]. 
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Figure 4. (a) Schematic illustration of the device fabrication process with two-step spin coating. (b) J-V curve with negligible hysteresis for the related device. (c) External quantum efficiency spectrum and integrated photocurrent of the related device [51]. 
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Figure 5. (a) Schematic diagram of the dip-coating process. Scanning electron microscopy images of PbI2 (b,c,h), MAPbI3 (d,e,i), and MAPbI3−xClx (f,g,j) films. From [21]. 
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Figure 6. (a) Schematic representation of the chloride–iodide perovskite film deposition process with two-step and three-step vapor-phase deposition. Scanning electron microscopy images of chloride–iodide perovskite films from (b) three-step method, (c) two-step method, (d) two-step method [58]. 
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Figure 7. (a) Schematic cross-section of the lateral phase separation: region A corresponds to MAPbI3, and region B corresponds to MAPbCl3. (b) Homogeneous composition of chloride–iodide perovskite and Cl-rich region at perovskite interface and PEDOT:PSS [98]. (c) Conventional annealing process that does not involve moisture treatment. (d) Annealing process with moisture pretreatment. (e) Hot-air annealing process with moisture pretreatment [48]. (f) Schematic of the solvent-assisted annealing process of chloride–iodide perovskite film [28]. 
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Figure 8. Schematic representation of decomposition and carrier transport mechanism of chloride–iodide PSCs [124]. 
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Figure 9. Schematic representation of chloride–iodide perovskite film: (a) nucleation during deposition, (b) phase evolution, and (c) growth during annealing. (d–f) Scanning electron microscopy images that are representative of the three major morphological constituents (scale bars are 2 µm) [75]. 
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Figure 10. Schematic diagram of the various possible origins of hysteresis in PSCs [137]. 
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Figure 11. (a) The operation process chart of preparing PSCs with water added in ambient air. (b) The variation in key performance parameters without and with 1.5% H2O [49]. 
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Table 1. A table of chloride–iodide PSCs.
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	Solar Cell Architecture
	Deposition

Method
	Jsc (mA/cm2)
	Voc

(V)
	FF

(%)
	PCE

(%)
	Hysteresis

(%)
	Stability

(Hours)
	Cl

(%)
	Ref.





	FTO/c-TiO2/m-Al2O3/MAPbI2Cl/Spiro-OMeTAD/Ag
	One-step spin coat
	15.40
	1.13
	45
	10.90
	-
	-
	33
	[15]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Ag
	One-step spin coat
	20.80
	0.92
	54
	10.80
	-
	-
	33
	[16]



	FTO/TiO2/Al2O3/MAPbI3−xClx/Spiro-OMeTAD/Ag
	One-step spin coat
	18
	1.02
	67
	12.30
	-
	
	40
	[17]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Ag
	One-step spin coat
	20.30
	0.89
	64
	11.40
	-
	-
	40
	[18]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Al
	One-step spin coat
	18.50
	0.87
	72
	11.50
	-
	-
	40
	[19]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM-C60/Ag
	One-step spin coat
	18.30
	0.91
	70
	11.65
	-
	-
	25
	[20]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	Spin coat, dip coat
	22.58
	0.91
	51
	10.49
	-
	-
	-
	[21]



	FTO/c-TiO2/m-TiO2/MAPbI2Cl/Spiro-OMeTAD/Au
	Spin coat, dip coat
	19.91
	1.09
	65
	14.15
	-
	-
	-
	[22]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	Spin coat, dip coat
	22.90
	0.98
	69
	15.41
	-
	-
	-
	[23]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/C60/BCP/Ca-Al
	Spin coat, drop coat
	20.71
	0.97
	79
	16.01
	-
	-
	-
	[24]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Ca-Al
	Thermal evaporation, dip coat
	19.58
	0.99
	78
	15.12
	-
	720
	-
	[25]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Ag
	Vapor coat
	21.50
	1.07
	67
	15.40
	-
	-
	33
	[26]



	FTO/TiO2 MAPbI3−xClx/Spiro-OMeTAD/Ag
	Spin coat, vapor coat
	21.94
	1.01
	62
	13.76
	-
	1152
	-
	[27]



	FTO/c-TiO2/m-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	21.35
	0.97
	68
	14.05
	-
	-
	25
	[28]



	ITO/TiO2/MAPbI3−xClx/Spiro-OMetAD/Au
	Spin coat, dip coat
	21.45
	1.08
	77.57
	17.91
	-
	-
	-
	[29]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	21.50
	1.04
	76
	16.90
	-
	-
	40
	[30]



	ITO/TiOx/MAPbI3−xClx/PTB7/Au
	One-step spin coat
	22.94
	0.98
	70
	15.90
	-
	-
	40
	[31]



	FTO/NiOx/MAPbI3−xClx/PCBM-PEI/Ag
	One-step spin coat
	21.20
	1.08
	79.20
	18.20
	0.00
	1500
	-
	[32]



	FTO/c-TiOx/FAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	22.30
	1.01
	77.40
	17.40
	-
	-
	7
	[33]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/BCP/Ag
	One-step spin coat
	20.78
	0.99
	73
	15.02
	-
	-
	-
	[34]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Ag
	One-step spin coat
	20.60
	0.98
	77
	15.70
	-
	-
	25
	[35]



	ITO/CuOx/MAPbI3−xClx/PCBM/C60/BCP/Ag
	One-step spin coat
	22.50
	1.11
	75.80
	19
	-
	-
	10
	[36]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	22
	0.10
	72
	16.10
	-
	-
	40
	[13]



	ITO/NiOx/MAPbI3−xClx/PC61BM/AZO/Ag
	Two-step spin coat
	20.33
	1.08
	69
	15.15
	-
	-
	-
	[37]



	ITO/PEDOT:PSS/MAPbI3−xClx/

RhB101/LiF/Ag
	One-step spin coat
	20.11
	1.11
	80.60
	18
	-
	-
	-
	[38]



	ITO/PEDOT:PSS/MAPbI3−xClx/

PCBM/PEIE/Al
	One-step spin coat
	20.51
	0.94
	75
	14.46
	0.00
	-
	-
	[39]



	ITO/PEDOT:PSS/MAPbI3−xClx/CdSe-PCBM/LiF-Ag
	One-step spin coat
	20.96
	0.90
	73.16
	13.73
	-
	-
	67
	[40]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Al
	One-step spin coat
	19.76
	1.01
	68
	13.57
	-
	-
	33
	[41]



	ITO/PEDOT:PSS/MAPbI3−xClx/ETL/PEI/Ag
	One-step spin coat
	18.88
	1.01
	76
	14.52
	-
	-
	-
	[42]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/PEI/Ag
	One-step spin coat
	20.20
	1.08
	79
	17.2
	-
	-
	-
	[43]



	FTO/PEDOT:PSS/MAPbI3−xClx/PCBM/Ag
	One-step spin coat
	22.59
	0.97
	62.61
	13.72
	-
	-
	33
	[44]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	Two-step spin coat
	20.56
	1.10
	77.10
	17.56
	-
	-
	-
	[45]



	FTO/m-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	20.10
	1
	41
	13.07
	-
	-
	40
	[46]



	ITO/NiOx/MAPbI3−xClx/PC61BM/BCP/Ag
	One-step spin coat
	21.70
	1.06
	75
	18.70
	-
	-
	-
	[47]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Ca-Al
	One-step spin coat
	20.39
	0.95
	80.30
	15.55
	0.00
	-
	40
	[48]



	ITO/PEDOT:PSS/MAPbI3−xClx/PCBM/Bphen/Ag
	One-step spin coat
	20.19
	0.95
	73
	14.02
	-
	-
	40
	[49]



	FTO/TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	19.70
	0.88
	65
	11.30
	-
	-
	40
	[50]



	FTO/c-TiO2/PC61BM/MAPbI3−xClx/Spiro-OMeTAD/Au
	Spin coat, dip coat
	23.77
	1.09
	74.86
	19.49
	-
	-
	-
	[51]



	FTO/c-TiO2/PC61BM/MAPbI3−xClx/Spiro-OMeTAD/Au
	One-step spin coat
	23.90
	1.05
	76
	18.90
	-
	-
	-
	[52]



	FTO/TiO2/PC61BM/MAPbI3−xClx/Spiro-OMeTAD/Au
	Spin coat, dip coat
	21.53
	1.04
	75.9
	17
	-
	-
	-
	[53]



	ITO/P3CT-Rb/

MAPbI3−xClx/C60/BCP/Ag
	One-step spin coat
	21.67
	1.14
	82.78
	20.52
	-
	-
	-
	[54]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Au
	Vapor coat, spin coat
	23.62
	1.05
	76.80
	19.10
	-
	-
	-
	[55]



	ITO/P3CT-N/MAPbI3−xClx/PCBM/BCP/Ag
	One-step spin coat
	22.10
	1.12
	81.97
	20.36
	1.47
	10
	-
	[56]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Ag
	Two-step

spin coat
	25.86
	1.12
	59
	17
	-
	-
	10
	[57]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/Ag
	Three-step CVD
	20.64
	0.94
	56.20
	10.87
	-
	-
	-
	[58]



	ITO/CNT-TiO2/MAPbI3−xClx/CNT-P3HT/MoO3-Ag
	One-step spin coat
	23.52
	0.86
	71
	14.37
	-
	-
	40
	[59]



	FTO/TiO2/MAPbI3−xClx/PTAA/Au
	One-step spin coat
	22.10
	1.11
	77
	19.10
	0.00
	-
	40
	[60]



	FTO/c-TiO2/MAPbI3−xClx/Spiro-OMeTAD/MoOx-Au
	One-step spin coat
	23
	1.06
	72.10
	17.50
	-
	-
	40
	[61]



	ITO/DFBT-PMTP/MAPbI3−xClx/C60/BCP/Ag
	One-step spin coat
	22.15
	1.17
	82.28
	21.23
	-
	-
	-
	[62]
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