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Abstract

:

Although the efficiency of small-size perovskite solar cells (PSCs) has reached an incredible level of 25.25%, there is still a substantial loss in performance when switching from small size devices to large-scale solar modules. The large efficiency deficit is primarily associated with the big challenge of coating homogeneous, large-area, high-quality thin films via scalable processes. Here, we provide a comprehensive understanding of the nucleation and crystal growth kinetics, which are the key steps for perovskite film formation. Several thin-film crystallization techniques, including antisolvent, hot-casting, vacuum quenching, and gas blowing, are then summarized to distinguish their applications for scalable fabrication of perovskite thin films. In viewing the essential importance of the film morphology on device performance, several strategies including additive engineering, Lewis acid-based approach, solvent annealing, etc., which are capable of modulating the crystal morphology of perovskite film, are discussed. Finally, we summarize the recent progress in the scalable deposition of large-scale perovskite thin film for high-performance devices.
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1. Introduction


Organic-inorganic hybrid perovskite thin films are extensively investigated in photovoltaic and other optoelectronic devices, including photodetectors, light-emitting diodes, and memory devices, since the last decade [1,2,3,4,5]. This is mainly related to the remarkable intrinsic properties of perovskite semiconductors, such as low exciton binding energy, high absorption coefficient, long charge diffusion length, high charge carrier mobility, abundant cheap material as well as easy and scalable solution manufacturing [2,6,7,8,9]. This unique blend of features enables the perspective of high-efficiency thin-film photovoltaic devices manufactured by solution spin-coating or other low-cost fabrication methods.



At the early stage of hybrid halide perovskite thin film research, the photovoltaic efficiency was found to be very low. The first research development on perovskite solar cells (PSCs) was reported by Kojima et al. using Pb halide perovskite as a sensitizer in photoelectrochemical devices with 3.8% power conversion efficiency (PCE) in 2009 [10]. The major breakthrough in PSCs was the development of solid-state form devices, which were fabricated by Kim et al. and Lee et al. in 2012, with reported PCEs of >9% and >10.9%, respectively [11,12]. In recent years, the intensive and collective research efforts of the photovoltaic community in the direction to improve perovskite thin-film quality and stability [13,14,15,16] has propelled the performance of PSCs, approaching the single-junction silicon solar cells and the fully industrialized indium gallium diselenide (CIGS) solar cell, displaying bright prospects for its commercialization [17,18].



The perovskite thin film is the core component of PSCs, whose quality and stability would directly determine the cell performance [19]. Many reports confirm that fast nucleation followed by slow crystallization of wet film improves the perovskite thin film morphology [20]. A rapid removal of solvent from perovskite precursors increases the supersaturation, leading to the fast nucleation. The antisolvent extraction technique for quick removal of the solvent is the most successful one to improve thin film morphology for lab-scale devices [21]. Along with antisolvent extraction, other physical techniques, such as hot casting, vacuum quenching, and gas blowing, are also used for the rapid removal of solvents and are more compatible in large-area deposition technologies [22]. In addition to the above physical techniques, the morphology of perovskite thin films can effectively be improved by the use of chemical additives in the precursor solution, which slow down the crystallization process, leading to obtaining preferred grain growth and better morphology [23]. Due to the soft ionic nature of perovskites, surface and grain boundary defects are easily produced during thermal annealing. Therefore, chemical additives improve both morphology and stability of PSCs by the defect passivation [24,25]. Similarly, solvent engineering (to influence the solute particle’s nucleation) and perovskite chemical composition are also beneficial for the improvement in device stability and thin film morphology [26,27].



However, by using spin coating and the above crystallization techniques, all record-efficiency PSCs are fabricated on small active areas, nearly 0.1 cm2 substrates, which contradicts the desires for PSCs commercialization [20]. For commercialization, it is required to fabricate such high-efficiency solar modules with an active area larger than 800 cm2 [28]. It has been reported that the perovskite materials activation energy for nucleation and crystallization (56.6–97.3 kJ·mol−1) is sufficiently lower than the amorphous silicon (280–470 kJ·mol−1) [29,30]. The low crystallization energy required for perovskite growth enables the deposition of perovskite layers by various low-temperature large-scale fabrication technologies. In recent years, the scalable deposition technologies, including slot-die coating, blade-coating, spray-coating, and ink-jet printing, have been applied for large-area solar module fabrication [31,32,33,34]. Some of the spin coating crystallization techniques are still applicable in large-scale deposition methods; therefore, many research institutions and solar energy companies worldwide have accelerated the pace of the commercialization process of PSCs.



For industrial ambitions, in the past few years many research efforts have been made to scale up the perovskite solar cell devices. A solar module with an active area of over 500 cm2 and a PCE of around 12% was fabricated by Solaronix in 2016 [35]. Similarly, another photovoltaic (PV) company, Micro-quanta Semiconductor [36], fabricated a small module with an active area of 17.3 cm2 and reported a world record efficiency of 17.9%. Despite the significant advancements in large-scale fabrication technologies, the efficiencies of large-scale perovskite solar cells are substantially lower than the small area devices. The considerable loss in PCE of large-scale PSCs might be attributed to the challenges of uniformly coating large-scale high-quality perovskite films. From this point of view, the in-depth understanding of the overall features for crystallization and redeveloping novel robust deposition technologies that are compatible with large-area uniform and compact thin-film formation is imperative [37].



In this article, we reviewed in detail the fundamental classical nucleation and crystal growth theories and their application in the developed robust crystallization strategies that have been proved to be capable of producing high-quality of perovskite thin film. Furthermore, some of the most promising scalable thin film deposition techniques used for photovoltaic applications are reviewed and discussed.




2. Fundamental Nucleation Theories and Crystal Growth Models


Homogeneous growth of perovskite thin films is imperative to deliver high efficiency, large and small area PSCs and modules, respectively. The perovskite film growth mechanism is composed of nucleation and crystal growth processes, which play a vital role in the film morphology and the performance of the perovskite PSCs. The fundamental understanding of the factors which influences the nucleation to control the growth of grains in the perovskite crystals is crucial to realize its potential applications. Therefore, in this section, fundamental crystal growth theories and classical nucleation theory are discussed in detail.



2.1. LaMer’s Mechanism


The first crystal growth mechanism is LaMer’s mechanism [38,39], which conceptually describes thin film growth in two ways. (a) When the concentration of growing particles falls below the lowest critical concentration required for nucleation, the development of crystals continues, but the nucleation ceases, this is called diffusion-controlled growth. (b) Surface-process-controlled growth: the growth rate can be controlled by the surface process when the diffusion of the growth species from the bulk to the growth surface is adequately fast. LaMer compared the degree of supersaturation of the solution with the nucleation and growth of crystals, which are regarded as the crucial factors deciding the process for film-forming and, subsequently, the film morphology. During annealing, instantly after the deposition of films, the precursor solution concentration increases to approach supersaturation concentration (Cs), where the development of perovskite nuclei begins to occur (stage I). After stage I, the formed nuclei grow with the supply of monomers via diffusion, whereas the nucleation continues to occur (stage II). When the solute is consuming faster than the evaporation rate of the solvent, at this stage, the solution concentration drops below the Cs, and only the growth of the nuclei occurs without the formation of the additional nuclei (stage III). Figure 1a represents the nucleation and the crystal growth process occurring in three stages as per the LaMer mechanism. The crystal growth mechanism of perovskite films can be regulated by controlling either the nucleation or growth.




2.2. Von Weimarn’s Theory


Von Weimarn’s theory explains the correlation between the initial supersaturation and the average size of aggregates of a freshly settled phase, which is formed during the nucleation processes in growing systems [40]. Its empirical rules have been applied to comprehend the crystal growth mechanism and have gained fundamental importance in crystal growth theories [41,42]. In brief, the first rule of von Weimarn’s theory argues that, if the initial relative supersaturation decreases, the average crystal size is determined after the crystallization process increases. The second rule suggests that the average crystal size shows a declining tendency as the function of the initial relative supersaturation within a given crystallization time. The first rule is more applicable and well-suited with modern theories as compared to the second rule [41]. On the basis of these rules, nuclei formation and crystal growth are intensely reliant on the supersaturation degree of the solution system. In short, the competition between crystal nucleation and growth can control the average sizes of the crystal clusters. Von Weimarn’s rules can define the rate of nucleation given by (Equation (1) [41]:


   V 1  = kAexp   −   Δ G    K B  T      



(1)




where A represents the complex function for molecular-level diffusion, T represents the absolute temperature, kB is the Boltzmann’s constant, G and is the critical free energy of the nucleation is represented by  Δ G. It can be defined for a spherical perovskite cluster [43], as given by Equation (2):


   Δ G  =   16    π γ   2   Ω 3    3  K B 2   T 2   δ 2     



(2)




where  Ω  represents the perovskite molecular volume of the crystal,   γ   represents the surface free energy of the critical emerged phase,  δ  reprents the level of the supersaturation of precursors in perovskite solution. According to Equations (1) and (2), V1 shows an exponential increasing rate with the level of supersaturation.




2.3. Ostwald Ripening


Ostwald ripening [44] is another model to elucidate the particle growth mechanism in a precursor solution, which can be defined as the dissolution of small-sized particles and the redepositing on the surface of larger particles [45,46]. The driving force for this growth process is based on the thermodynamic principle, i.e., the Gibbs-Thomson’s relationship, particles which are smaller in size dissolve quickly because of their larger chemical potential and solubility [47]. A concentration gradient can then be established between particles with different sizes, allowing the existing larger particles to continue growing. Consequently, the concentrations of the growth species can be typically decreased during the Ostwald ripening process, while for the growing particles, the average size increases. The grain growth process in perovskite thin films can be explained by the Ostwald ripening mechanism via coalescence [48,49]. For solution-processed perovskite, the residual solvent molecules, which are embedded in perovskite intermediate films, have a crucial supportive role in the perovskite grain dissolution-recrystallization process during thermal annealing and substantially increase the Ostwald ripening effects. It was stated that perovskite precursor films would become perovskites after releasing the remaining solvent molecules. In the meantime, the small-size perovskite grains can be dissolved in the solvent, and then recrystallize onto the bigger neighboring grains, leading to perovskite grain coarsening by Ostwald.




2.4. Fick’s Law of Diffusion


Fick’s law describes the growth of particles on the growing site from the solution by diffusion process (motion of particles from a region of higher to lower concentration), which comprises two methods: (1) transport of particles from the solution to the crystal surface, (2) the reaction of the growing species on the surface. In the first step, according to Fick’s first law [50], the particles diffusion flux is stated as:


  J = 4    π r   2  D   d  M    dx    



(3)







Here, J represents the total flux of particles, r is the radius of particles, D is the diffusion coefficient, and [M] is for the concentration of particles. The concentration gradient around a spherical particle surface can be further derived from the total flux of monomers (J) according to the diffusion-controlled growth.


  J = 4    π r   2  K (   [ M ]  s  −   M  ] r     



(4)







Here, the rate of surface reaction is denoted by k, the solute concentration at the particle/solution interface is represented by [M]s, and [M]r stands for the solubility of particle. Larger particles are less soluble and grow more quickly than smaller ones as per the Gibbs–Thomson effect. Based on Equations (3) and (4), it can be concluded that the particle growth obviously depends on either the surface reaction or the diffusion process. Thanks to the steady-state of the solute diffusion, the controlled crystal growth can enhance the realization of the homogeneous particles, despite the fact that the monomer concentration at the surface of a particle can reach a value equivalent to that of a bulk solution due to the slow surface reaction (as shown in Figure 1a). Recently, Liu et al. [51] judiciously explored the cation diffusion method following Fick’s second law before the perovskite crystallization at the gel stage by implementing the diffusion model responsible for the phase segregation. They demonstrated the uniform 2D perovskite with the formula of (BA2MA3Pb4I13) thin-film without noteworthy phase segregation. Their results reveal that the local phase distribution in perovskite materials, regardless of the 2D or 3D composition, was very reliant on the gel stage kinetically controlled via diffusion.




2.5. Classical Nucleation and Perovskite Crystal Growth


According to the classical nucleation theory, a nucleus can be regarded as a sphere of the condensed phase [52], and nucleation of particles can be defined as the process in which nuclei with a definite thermodynamic phase act as templates for the crystal to grow [53]. Nucleation takes place when the growing species concentration is adequately higher than the solubility to attain a supersaturated state. Consequently, supersaturation has a significant function in stimulating the process of nucleation. To understand the process of nucleation, the shape of the particle was described as a sphere like a ball. In this case for a spherical particle, the total free energy, which represents the free energy required to stabilize nuclei without dissolving in the solution, could be used to describe the nucleation rate. It is the sum of the bulk-free energy (  Δ  G V   ) (which is the free energy between large-size particles and the solute in solution) and the surface free energy (  Δ  G S   ) (which is between the surface particle and the bulk particle). Furthermore,   Δ  G S    is a positive value proportional to r2 (particle radius) and   Δ  G V    is a negative value proportional to r3 when approaching the supersaturated state. Understandably, the formation of nuclei in the phase of the supersaturated solution depends mainly on the nuclei critical radius (rc) [47]. The nuclei with a radius smaller than the critical radius (rc) have to redissolve into the solution; however, if the radius of nuclei is larger than rc, they can be thermodynamically stable and may exist in the solution. Critical radius (rc) can, therefore, be regarded as the minimum radius in which a nucleus can persist in the solution and continue to grow. For homogeneous nucleation, critical total free energy is given as:


  Δ  G   c    = Δ  G s  + Δ  G v  = 4    π r   2  γ +  4 3     π r   3  Δ  G V   



(5)







Here, γ represents the surface free energy per unit area, which is surface energy between the supersaturated solution and the crystal surface [54]. The bulk-free energy ( Δ Gv) per unit volume also depends on the temperature (T), the Boltzmann constant (kB, degree of supersaturation (S), and molar volume of the nucleus (v). The degree of supersaturation can be written as S = C/CS, where C represents the solute concentration, while Cs represents the solubility limit in the case of supersaturation (C > Cs). Therefore,  Δ Gv can be written as:


  Δ  G V  = −    K B   Tln   S     V m     



(6)







Here, Vm stands for the monomer’s molar volume in the crystal, considering the surface free energy (4πr2γ, positive) and bulk-free energy (4/3 πr3 Δ GV, negative),  Δ G(c) is given in Figure 1b. When the nuclei are smaller than rc, they can only redissolve into solution. Therefore, the critical radius can be the minimum size of the nuclei. For homogeneous nucleation, the nucleation rate can be denoted by the Arrhenius type equation [47]:


    dN   dt   = Aexp     − Δ  G N     K B  T     = Aexp   −   16    π γ   3   V 2    3  K B 3   T 3   N A 2      lnS    2       



(7)







Here, N represents the number of nuclei, V2 is the molar volume of nuclei, A represents a pre-exponential factor, kB is called as the Boltzmann’s constant, NA represents the Avogadro’s number, S represents the degree of supersaturation, and T represents the temperature. From Equation (3), it can be concluded that the rate of nucleation is strongly influenced by the level of supersaturation [47], surface free energy, and temperature. Moreover, the nucleation rate can be tuned by optimizing the above factors (i.e., high supersaturation, high temperature, and lower surface-free energy). Most of the recently developed methods to improve the quality of perovskite films will be systematically analyzed according to these fundamentals. However, in an actual study, there could be the possibility of the presence of impurities in precursor solutions—the impurity centers which may come from other phases in precursor can reduce the energy barrier, thereby facilitating the occurrence of nucleation [55,56]. Therefore, the heterogeneous nucleation generally occurs considerably easily at such favored sites as compared with the homogeneous nucleation. As the value of  Δ Gs is always positive and that of  Δ Gv is negative, the maximum free energy essentially is required to form a stable nucleus, which leads to promoting more growth. When the maximum value of free energy is reached, d Δ G/dr should be zero, yielding the critical free energy   ( Δ  Gc). The interfacial energy diagram has three phases among a liquid and two solids in contacts, as shown in Figure 1c. The interfacial energies between the liquid and crystalline phases, crystalline phase and solid surface, solid surface, and liquid are represented by the terms γcl, γcs, and γsl, respectively. The contact angle on the solid surface is represented by   θ .   If  θ  < 180°, then there is a high-affinity between nuclei and active centers, which is beneficial to lower the energy barrier to the occurrence of nucleation. The process can be attributed to the substantial drop in the interface energy. Consequently, the free energy for heterogeneous nucleation can be adjusted via using the term ∅, a factor reliant upon  θ . This alteration is similar to that of a homogeneous nucleation process, as defined in Equation (8):


  Δ  G c  hetro   = ∅ Δ  G c  homo    



(8)






  ∅ =   ( 2 + cos θ )   ( 1 − cos θ )  2   4   



(9)







When the contact angle of the solution θ = 180° (involving no affinity among the solid surface and solution at all), then cos θ = −1 and φ = 1, hence,   Δ  G c  h e t r o   = Δ  G c  h o m o    , which implies that both the heterogeneous and homogeneous nucleation critical energies are equivalent. Equation (8) explains that the contact angle of the perovskite precursor on the substrate (heterogeneous nucleation site) can affect the rate of nucleation. Furthermore, when the precursor solution is prepared by using polar solvents, then the hydrophobic substrates ∅ becomes larger, which slows down the rate of nucleation. Cheng et al. [57] revealed that a larger contact angle of perovskite solution on the hydrophobic surface could effectively suppress perovskite film’s nucleation and facilitate the development of a large-size grain because of the improved grain boundary mobility. In their study, they used the hydrophobic substrate for the growth of a thin single-crystal perovskite film. Both the improved ion diffusion on the hydrophobic surface and suppressed nucleation assisted the growth of large-area films [58].



Equations (7) and (9) illustrate that there are four factors that can be managed experimentally to alter the activation energy of the nucleation, which are wettability of the substrate, surface energy, supersaturation level, and temperature. In the perovskite film formation process, the traditional spin coating technique normally produces an inadequate supersaturation because of the moderate rate of evaporation of the most frequently employed solvents for perovskite precursors such as dimethyl sulfoxide (DMSO), (dimethylformamide (DMF), and dimethylacetamide (DMAc), which leads to a low density of heterogeneous nuclei. Alternatively, the crystal growth rate is comparatively fast depending on the solution supersaturation, promoting rapid solute precipitation at those regions with high surface energy. The difference between nucleation and growth rate speeds up the development of large dendritic perovskite structures on very few numbers of nuclei, which can be harmful to perovskite device efficiency. To make a compact perovskite layer with full surface coverage, it is imperative to achieve a high nucleation rate before the crystal growth starts. The most reliable and successful method to improve the nucleation-growth is by influencing the nucleation, using various techniques such as the use of antisolvents, composition engineering, additive engineering, and physical methods. The purpose of both these approaches is to decelerate the crystal growth process and assist nucleation. These approaches are outlined in the following section.





3. Crystallization Techniques for Depositing High-Quality Perovskite Thin Films and Photovoltaic Devices


Based on the analysis of crystal growth models and classical nucleation theory, the nucleation and crystal growth process can influence perovskite films’ morphology. In general, rapid nucleation, followed by the slow growth of the crystal, is necessary for the development of uniform, pin-hole, and defect-free high-quality perovskite films. In the last few years, various advanced methods have been reported to make perovskite films’ quality better as per the above factors, which are presented in this section.



3.1. Antisolvents for Fast Nucleation


Nonpolar solvents that are miscible with host solvents such as DMF and DMSO, but do not dissolve the perovskite precursors, are utilized in perovskite solution. In the one-step coating, the control on the rate of nucleation is relatively challenging as the reaction takes place in a relatively short time due to the fast removal of solvents. Consequently, the device’s reproducibility is identified to be low compared with the devices than the two-step process [59]. The antisolvents can be applied in the spin coating to improve the morphology of perovskite films, which causes the solvents to be extracted quickly from the precursor solutions and gives rise to the fast supersaturation of solute in the perovskite precursor film. Antisolvent dripping is used extensively in the small lab-scale best-performing PSCs [60].



In 2014, Seok et al. [59] introduced this technique in spin coating the perovskite films; since then, it is generally used to achieve smooth and dense perovskite thin films. The objective of solvent soaking techniques is to create uniform nucleation all over the surface of films. Similarly, Xiao et al. further tested the dropping of chlorobenzene (CB) in the course of a spin coating deposition of perovskite solution, resulting in a fast and uniform nucleation across the film, which yielded a super quality, dense, homogeneous, and completely covered perovskite films [61] (as shown in Figure 2a). It is described that CB quickly removes extra DMF solvent and decreases the solubility of the perovskite in the precursor wet film. This will lead to rapidly created supersaturation of the solute, which further encourages the formation of more nuclei, leading to a homogenous perovskite film (Figure 2b,c) with good surface coverage and reproducibility. SEM images of perovskite films fabricated by conventional spin coating are shown in Figure 2d,e for comparison. Based on the achievements of this approach, diverse, environmentally friendly green antisolvent alternatives such as chloroform (CF), toluene [62], chlorobenzene [61], hexane [63], ethyl acetate [64], anisole [65], ethyl ether [66], and mixed ones have been investigated, in coordination with different perovskite formulations and variations of host solvents [67]. A large number of solvents with different physicochemical properties and dielectric constants are systematically studied to reach a more accurate antisolvent selection protocol. The solvents such as CB, toluene (Tol), p-xylene (Xyl), diethyl ether (DE), trifluorotoluene (TFT), and dichloromethane (DCM) are studied. It has been reported that those antisolvents that are completely soluble with the host solvents, and have high both the dielectric constants and boiling points, tend to form smooth superior quality films with well-balanced nucleation and substrate coverage [60]. In recent years, Wang et al. [68] demonstrated the mechanism of green solvents to realize an intermediate phase-controlled FA-based high-efficiency PSCs. They introduced several antisolvents including anisole, diethyl ether (DE), dibutyl ether (DBE), and diisopropyl ether (DIE), in the one-step fabrication of perovskite films from the FA-based perovskite solution. In their analysis, they proposed that during the precipitation crystallization, the intermediate phase is formed and could be identified and controlled through a judicious selection of the polarity of antisolvents. Knowing the intermediate phase formation mechanism has led them to recognize DIE as a green antisolvent with universal perovskite compatibility. They utilized Cs/FA, FA/MA, and Cs/FA/MA, perovskite precursor to achieve champion PCEs of 20.05%, 20.15%, and 21.26%, respectively, with improved repeatability. Their large-area (1 cm2) PSCs showed a PCE of 18.51%.



Recently, the perovskite research communities have devoted their efforts to improving the efficiency of the large-area PSCs employing various methods to deposit large-area perovskite films. In 2017, Bu and coworkers employed the green solvent ethyl acetate both in perovskite by antisolvent technique and in the hole transport layer (HTL) during its deposition. By this technique, they improved the quality of perovskite films and the HTL layer, which resulted in a high-efficiency PSC with a PCE of 19.4% in small devices and 14.2% for a module of an area 5 × 5 cm2 [69]. Similarly, in another work, Tongle Bu et al. [21] reported an antisolvent quenching method called dynamic antisolvent (DAS) in the spin coating process to realize large-area smooth perovskite films to achieve high-efficiency perovskite solar modules (as shown in Figure 3d–f). In this simple method, compact and smooth films from mixed-cation perovskite precursors are fabricated. Moreover, the uniformity of the film across the center to edge is significantly improved as compared to the common solvent engineering (Figure 3b,c,e,f for comparison). Thus, top-performing modules (10 × 10 cm2) delivering PCE as high as 17.82% (Figure 3g) and another with a certified efficiency of 17.4% in an aperture area of 53.64 cm2 are obtained. The spraying of an antisolvent that is quite similar to the antisolvent dripping is used to produce high-efficiency PSCs by two-step deposition [70].



Besides, the antisolvent spraying process is more suitable for the large-area fabrication of PSCs and, therefore, more beneficial than antisolvent dripping. By spraying antisolvent, a large area (16 cm2) PSCs producing efficiency of up to 12.1% is reported [71]. The antisolvent bathing method was developed to extend the antisolvent strategy to scalable deposition techniques; the perovskite precursor film can be soaked in the antisolvent bath for a short period of time [66]. These are the main achievements in large-area PSCs by the application of the antisolvent technique.




3.2. Hot Casting


In the perovskite film forming process, thermal annealing is generally needed to crystallize the wet perovskite-coated thin films. Wet film annealing is a physical scheme that can improve the solvent molecules’ evaporation rate in the process of the solution-to-solid phase conversion, which can influence the level of supersaturation and accordingly perovskite nucleation process. The heat treatment is typically done at a moderate temperature of around 100 °C for up to a maximum of 1 h to evade the decay of the perovskite [6,10,72,73,74]. Kim et al., based on this general protocol, stated that the high-temperature annealing for few seconds was promising for the growth of perovskite films. A little high temperature could be beneficial for immediate and quick solvent removal to generate a supersaturation for the solute. The precursor supersaturation speeds up the nucleation formation process and endorses a uniform perovskite deposition for efficient PSCs. Therefore, the grain size can be increased from around 300 nm to more than 1 μm by annealing the as-cast perovskite film under 400 °C just for 4 s [75]. In another similar approach, in 2015, Nie and coworkers reported a hot-casting precursor solution to produce continuous, compact, and large grain size perovskite thin films. Hysteresis-free PSCs with PCE of around 18% were achieved, with excellent reproducibility [76]. This technique can be used both ways; either the substrate is heated to a higher temperature or the precursor solution for the rapid evaporation of the solvents. Compared to other methods, it is relatively simple to heat the substrate or the perovskite precursor ink during deposition, which allows this heating method to be used extensively to adjust the thin film morphology. During hot-blade coating [77], in addition, to speed up the rate of solvent extraction, the high temperature could also encourage the solute atoms to decrease the diffusion energy barrier quickly and thus lead to fast grain formation process to achieve a favorable grain size. Employing this technique, a high efficiency (up to 20.3%) [78] was obtained.




3.3. Vacuum Quenching


Many research reports confirm the positive effect of vacuum quenching, which promptly creates supersaturation of the perovskite solute. In 2019, Guo et al. [37] proposed a vacuum-assisted crystallization method for obtaining low-temperature-fabricated perovskite thin films. In this technique, thin films are deposited by blade coating at room temperature instead of elevated temperature. The freshly blade-coated wet films are placed in a vacuum chamber for 2 min then immediately moved for annealing at 100 °C for 10 min to crystallize the films completely. Uniform films with complete substrate coverage and pinhole-free films can be fabricated by this method. Importantly, this technique is quite different than the blade coating at elevated temperatures very close to the boiling point of solvents [79,80,81,82,83]. In another study, Amir et al. [84] proposed the vacuum-controlled meniscus coating, where an optimally performing perovskite film was obtained. They placed the as-coated wet perovskite precursor films in a vacuum chamber for a very short time of only 30 s to keenly remove the solvent in wet film. By this technique, and a natural drying process, they obtained uniform, low surface coverage films with a needle-like morphology. Furthermore, certain analogical approaches, such as gas blowing, solvent annealing, and vacuum flash-assisted solution process (VASP) methods are also reported. A vacuum flash drying method to remove the solvent has been reported many times. Huang et al. [85] used the flow of Ar gas over a spin-coated film to accelerate the removal of solvent. Consequently, they quickly achieved supersaturation, which facilitated the development of further nuclei, converting dendritic shape of crystal with low surface coverage to uniform grains. Therefore, the gas-assisted fabrication of perovskite solar cells demonstrates substantially improved photovoltaic performance as compared to a conventional spin coating process. Using this approach for large-area (>1 cm2) PSCs, PCE values > 20% have been achieved [86]. A system has been developed with further improvement to simultaneously conduct low pressure as well as gas blowing on the wet film; the combined effect of vacuum and gas blowing improves the rate of elimination of solvents [87].




3.4. Gas Blowing


Gas blowing is another still successful physical approach used to produce uniform perovskite films for PSCs. It is mostly used for controlling the drying kinetics during fabrication of thin films. Usually the nitrogen gas (N2) is applied in the gas-blowing process. This technique basically accelerates the rate of evaporation of the precursor solvents and increases the level of supersaturation, thereby regulating the perovskite nucleation and grain growth process. The morphology of the crystallized perovskite thin films is strongly influenced by the rate at which the gas is blowing, therefore, its effect is investigated in many early studies [88,89,90]. By using a gas blowing technique, Li et al. demonstrated antisolvent-free, room temperature, meniscus-coated, uniform, compact, and homogeneous perovskite films under ambient conditions. They reported an air-knife film drying mechanism to fabricate hysteresis-free PSCs with a PCE of 20.26% and 18.76% for an active area of 0.06 cm2 and for 1 cm2, respectively [91].



In summary, the quick removal of solvent from precursors coated on substrate increases the supersaturation degree, which results in fast nucleation and precipitation of the perovskite materials. The first rapid removal of the solvent was realized by dripping the antisolvent onto a spinning perovskite precursor coated substrate. This technique encourages uniform growth and avoids the formation of large dendritic structures. Nevertheless, the dripping of antisolvents in spin coating generates a complex structure throughout the substrate, and better results were obtained with the spray of the antisolvent. Antisolvent spraying was applied to fabricate large area (16 cm2) PSCs and obtained a PCE of 12.1% in its single cell [71]. However, the bottleneck of both antisolvent dripping and spraying is that these techniques are only able to be used in spin coating, and they are not capable of being implemented in a scalable deposition. In further studies, an antisolvent bath approach was proposed, in which the precursor film is soaked in a bath of antisolvent for a short period of time [66]. Although antisolvent bathing is compatible with roll-to-roll continuous fabrication, it is inconvenient to place a substrate with perovskite in a solvent bath for some time. Therefore, further physical techniques (such as hot-casting, gas blowing, vacuum-assisted drying, or a combination of these physical approaches) compatible with scalable deposition were explored. Similarly, smooth, dense, and without pin-hole perovskite thin films were obtained by heating precursor solution or the substrate close to the boiling point of the perovskite precursor solvent in blade coating [77]. However, the elevated temperature will generate point defects because of the volatile nature of the organic component of perovskite. Therefore, vacuum-assisted crystallization is reported in room temperature blade and inkjet printing [37]. Similarly, the gas flow was first utilized to encourage fast crystallization in spin coating. This idea was later employed for slot-die coating via an air blade to assist solvent drying. Another concept to quickly extract the solvent and dry the wet films is the vacuum flash method which utilizes a vacuum for the complete extraction of solvent. The large-area (>1 cm2) PSCs with PCEs > 20% are fabricated by using the vacuum-assisted drying technique. In another work, low pressure and strong gas flow were applied simultaneously on a wet substrate. Their combined effect facilitated the increase of a solvent removal rate. Therefore, it is concluded that the combined effect of the above techniques may give better results.





4. Strategies to Improve Crystal Morphology of Perovskite Thin Film


The performance of PSCs depends greatly on the morphology of the perovskite thin layers. As mentioned in Section 3 the morphology of perovskite thin films is controlled by fast nucleation of perovskite precursors followed by slow crystallization of wet films. Fast nucleation is induced by quickly removing the host solvent by using antisolvents (followed by gas blowing, vacuum quenching, etc.) during the spin coating method as described in the previous section. Similarly, various techniques have been reported which can efficiently slow down the crystallization process. In this section, we will review strategies (such as the use of the additive, Lewis acid-base adduct formation, solvent annealing, solvent additives, etc.) used to improve perovskite crystal morphology by slowing down the crystallization process.



4.1. Use of Additives


The chemistry of the perovskite precursors can greatly influence the nucleation process to facilitate preferred grain growth leading to obtaining a better morphology. For example, adding a small amount of organic or inorganic chemicals in precursor or changing the perovskite’s chemical composition. The high-quality perovskite films are prepared for mini-modules and large area PSCs by applying this technique, so-called additive engineering. It has been widely reported that the use of additives to the perovskite precursor solution could be a useful and consistent method to achieve large size grains in perovskite crystal, suppresses defects, and improves instability, which ultimately enhances the PCE of PSC devices. A large variety of chemical additive has been reported depending on the perovskite composition and the processing route of additives. The additives which have delivered better results include acids (such as HI, HBr, or HCl), metal cations, fullerene derivatives, Lewis acids and bases, surfactants, ammonium salts, and excess amounts of MAI and PbI2 in the precursor solution. Marks et al. used a small quantity of liquid additives HBr, HI, and HCl in the perovskite solution to study their effect on phase transition at room temperature. These additives not only passivate surface defects but also change the optical properties of MAPbI3 optical properties of perovskite [92,93]. Hydrohalic acids used as additive have a two-fold effect of influencing the perovskite film growth: first, additional anions, available by the addition of hydrohalic acids, coordinate with lead ions, and create an intermediate film after the extraction of solvent and consequently suppresses the nucleation of perovskite; [94] secondly, the PH value of the perovskite precursor solution also decreases by the addition of hydrohalic acids which break down smaller clusters or nuclei, thereby considerably suppressing nucleation and crystal growth of individual domains [95]. Moreover, it is described that perovskite thin films coated from a perovskite precursor solution with little extra chloride ions (MAI + PbI2Cl) can exhibit full surface coverage with larger size grains compared to those achieved from a stoichiometric precursor (PbI2 + MAI) [12]. The morphology of perovskite films fabricated from the solution having a small number of extra chloride ion provided by additives in perovskite solutions is identical to those obtained with PbCl2 [96,97,98]. Ke et al. used lead thiocyanate (Pb(SCN)2) as an additive in the perovskite precursor to fabricate large grain perovskite thin films. They assumed that MA+ cations and SCN− anions would react during the perovskite film formation and form HSCN and MA gases, which might support the grain growth and the presence of PbI2 at grain boundaries passivate the defects at GBs, by decreasing dark current [99]. Additionally, surfactants can also be applied in the small as well as large-area fabrication of perovskite films. Huang et al. reported the addition of a small amount of surfactant (L-α-Phosphatidylcholine) into the perovskite (MAPbI3/DMF) precursor solution and blade coated the perovskite films. They demonstrated that the surfactant not only changed the fluid drying dynamics and suppressed the solution flow but also improved the wettability of the perovskite ink on the nonwetting charge transport perovskite films. Furthermore, it also passivated the surface charge defects, and the devices produced over 20% PCE for small-area PSCs and a 15.3% PCE for large area (33.0 cm2) perovskite modules [78]. The use of metallic salts as an additive in perovskite precursor solution to improve the quality of perovskite thin films is also reported by several groups [100]. The addition of a small amount of small in FA or MA-based perovskite precursor solution can partially replace FA+ or MA+ cations, and it can passivate the defects to produce high-quality 3D perovskite films and thereby improve the efficiency and stability. Similarly, other alkali metal cations such as Rb+, K+, and Na+ are also used in perovskite precursors in the form of metal salt. However, these alkali metal ions are only used as an additive to improve perovskite crystal morphology by defect passivation. Their size is much smaller than Cs+, and therefore do not meet the requirement to form a 3D perovskite. Chu and colleagues reported KCl, NaCl, and LiCl as additives to fabricate perovskite film by a two-step method, and both KCl and NaCl led to significantly improved PCEs [101].



In the two-step method, spin-coated PbI2 and perovskite films prepared without salt additives are noncontinuous with many small pinholes, as shown in Figure 4a,e. Noncontinuous PbI2 films with small crystallite perovskite grains significantly reduce the device performance. More uniform, with large grain size PbI2 and perovskite films can be achieved by using 0.75% KCl salt additive (Figure 4b,f) as compared to the films prepared with 1% NaCl (Figure 4c,g) and 0.25% LiCl (Figure 4d,h). The formation of large grains minimizes the permeability of oxygen and moisture and, thereby, enhances the stability of the device (see Figure 4i). Water as an additive is also investigated in PSCs. It has been reported by some research groups that H2O has harmful effects on perovskite solar cells, as perovskite films easily decompose under a humid environment [102]. In contrast to this, some groups found that an optimized amount of water could support nucleation and crystallization of the perovskite material; as a result, good quality perovskite films were obtained [103]. Chang et al. stated the synergistic effect of the H2O additive and DMF vapor treatment via a two-step spin coating method and fabricated superior quality perovskite films [104]. They demonstrated that a small amount of H2O as additives enabled MAI to penetrate the PbI2 films to form a thick film with a pure MAPbI3 phase and produced large-sized grains by decelerating the crystallization rate of perovskite films. Consequently, they successfully fabricated the high-quality perovskite films and achieved a PCE of 16.7% in a small device of 1.3 cm2 and 15.4% PCE for the mini-perovskite modules of area 11.25 cm2.




4.2. Slow Down Crystallization by Lewis Acid-Base Adduct Formation


The crystallization of perovskites could be slowed down by a simple and practical scheme through a Lewis acid-base adduct formation. An adduct is formed when some base molecule is mixed in the stoichiometric value of perovskite components. Based on the Lewis base theory, an electron pair donating molecules are the bases, while electron-pair accepting molecules are acids [105,106,107,108,109]. Therefore, electron-pair donors such as, oxygen, sulfur, nitrogen-containing monodentate, or bidentate ligands can be used as additives in perovskite precursors, which make an adduct with PbX2. Being strong Lewis acids, Lead (II) halides can easily make adducts with Lewis base molecules. The resulting Lewis acid-base adducts in the precursor solution can raise the solubility of lead halides, slowing down the nucleation process and the growth of crystals. Therefore, by controlling the degree of interaction between Lewis acid-base species using specific Lewis base molecules, the rate of nucleation and crystal growth process can be regulated, and finally, the better-quality perovskite thin films can be realized [59,110,111].



In recent years, DMSO is widely used as an O-donor Lewis base [105,107,109,112,113]. Hence, DMSO can readily form an adduct (PbI2–DMSO–MAI) with perovskite due to its strong basicity compared with DMF. During the competition reaction, this intermediate phase will be established earlier than the change of perovskite precursors to solid crystalline perovskite. The existence of an intermediate phase between DMSO and MAPbI3 perovskite solution is verified by the Park group using infrared spectroscopy technique [105]. In addition to the antisolvent treatment by diethyl ether, intermediate adduct development essentially helps to make ultra-uniform perovskite films. Perovskite films show rod-shaped morphology with incomplete substrate coverage when fabricated without antisolvent treatment. The lower film morphology is caused by the solubility difference between MAI and PbI2 in the host solvent, such as DMF. Therefore, to improve the morphology, another technique was the use of nonpolar solvents such as diethyl ether (DE) to selectively wash the host solvent DMF. However, by washing the host solvent with a nonpolar solvent, the morphology was improved to some extent; still, there were pinholes in perovskite films with host solvent DMF. This indicates that the removal rate of DMF could not be well-managed while washing with nonpolar solvents. Obviously, the DMSO, as a host solvent for perovskite precursors, forms an adduct with perovskite, and facilitates in improving film morphology by retarding the growth of crystals. Depending on its encouraging performance, Wu et al. [114], in a two-step deposition process, employed DMSO as a precursor solvent for PbI2. They described that strong coordination between PbI2 and its host solvent DMSO substantially delayed the crystallization process, thereby leading to smooth and dense PbI2 films. Pinhole-free better-quality perovskite films with a narrow particle size distribution were obtained after reaction with MAI. Similarly, Seok et al. further applied the solvent engineering approach using DMSO to the FAPbI3 system [115]. They reported the intramolecular exchange process which took place between DMSO and FAI while sequentially depositing perovskite films which is expressed as PbI2–DMSO+FAI→PbI2–FAI + DMSO↑ (removal). High-quality perovskite films with uniform large-size grains are obtained by this indirect reaction between FAI and PbI2 as compared to the direct method. However, DMSO has shown to effectively improve the formation of FAPbI3 perovskite films by sequential deposition. However, Park et al. disclosed on the basis of infrared spectroscopy measurements [106] that DMSO did not make a stable adduct with FAI, so the approach could not be realistic to one-step deposition of FAPbI3. On the same strategy, Yang et al. investigated the influence of Lewis bases on the film growth and resulting film morphology. They fabricated FA based perovskite thin films by using various Lewis bases in a one-step spin-coating technique shown in Figure 5a,b. The photos and SEM images of resulting FAPbI3 films are compared (Figure 5c,e for FA-DMSO, and Figure 5d,f for FA-NMP). It can be observed that films formed with DMSO are inhomogeneous and opaque while the films prepared with NMP are homogeneous and semitransparent. They further verified the molecular interaction and adduct forming ability of other Lewis bases DMI, TMU, and NMF with a similar structure to that of NMP and DMSO (Figure 5g). It can also be observed that only DMI formed a stable and uniform adduct film along with NMP. Moreover, NMP used in the precursor can make a stronger coordinate bond with FAI in perovskite solution [109]. It can be confirmed that FAI–PbI2–NMP intermediates would exist stably in the host solvent and influence the preparation of more reproducible FAPbI3 films as compared to DMI.



Besides NMP, S-donors such as thiourea with stronger basicity demonstrate good potential as a valid Lewis base in perovskite (particularly FAPbI3) solutions. Fourier transform infrared spectroscopy results expose the dominant interactions of both FAI and PbI2 with thiourea allowing the presence of strong FAI–PbI2–thiourea adducts in their host solvents [106]. The perovskite films fabricated from FAI–PbI2–(DMSO1-xTheoureax) display considerably large size grains and full substrate coverage on the optimized amount of thiourea (x = 0.2); then, the S-donors are more compatible Lewis bases in FA-based perovskites than DMSO.



In the last few years, in addition to S-Donors, N-Donors Lewis-base group has also been studied [116]. Zhang et al. proposed the use of pyridine (Py) additives to fabricate MAPbI3 perovskite films at room temperature by a two-step spin coating process [117]. After the spin coating PbI2, the pyridine vapors react with PbI2 to form PbI2–(Py)2 nanostructure. This nanostructured adduct formation is represented by an equation PbI2(s) + 2Py(g) ↔ PbI2(Py)2(s). In the second step, MAI is spin coated on PbI2–(Py)2; in this step, the perovskite is formed at room temperature by ligand exchange reaction, which is given by the equation PbI2(Py)2(s) + CH3NH3(aq)→CH3NH3PbI3(s) + 2Py(aq). It has been reported that the activation energy is considerably decreased by this technique, which facilitated the room temperature fabrication of high-quality perovskite films. The devices fabricated on a rigid substrate delivered a high efficiency of more than 17% and on a flexible substrate more than 14%, which presents the great potential of this approach to obtain low temperature fabricated high-efficiency PSCs.



Additionally, polymers having S, N, and O donor atoms act as Lewis bases; their use as an additive in perovskite precursor solution not only facilitates the perovskite growth process but also suppress the charge defect states at surface and grain boundaries by making an adduct represented as (Pb2+–Lewis). Most of all, the presence of hydrophobic polymer at perovskite grains act as a barrier to moisture invasion and increases the stability of PSCs [118]. Gratzel et al. [119] introduced the idea of the polymer-template nucleation and growth (PTNG) by using poly (methyl methacrylate) (PMMA) with antisolvents to influence the nucleation and growth process. They described that PMMA lowers the free energy barrier for nucleation and induces heterogeneous nucleation, which is a high order of magnitude faster than that of homogeneous nucleation [120]. Furthermore, it can effectively control the perovskite crystal growth process by creating an adduct with PbI2, which leads to a slow-down of perovskite crystallization to obtain high-quality perovskite films [121]. FTIR spectra have revealed the formation of PMMA–PbI2 adducts. The dual role of PMMA in controlling nucleation and crystal formation process enabled to achieve a certified high efficiency of 21% and extended stability. Nevertheless, it has been claimed that the transportation of charge through the perovskite grains is severely affected by the presence of insulating polymers at the grain boundaries. This reduces the performance of PSCs, and  π -conjugated polymers are also studied further in this context [122,123,124]. Apart from working the same way to improve the perovskite nucleation and crystallization as insulating polymers do, the  π -conjugated Lewis-base polymers have shown a better charge transport through the perovskite film by pi-interactions. Consequently, the photocurrent in polymer-incorporated PSCs has been extraordinarily improved. Nevertheless, the effect of insulating or conjugated polymers on the performance of PSCs is still under discussion [123,124]. It has been described in some reports that only those polymers enable the efficient transportation of charges, which are chemically inert [125]. More in-depth studies are required to elucidate the selection standard of Lewis-base polymers for PSCs.




4.3. Solvent Additives


Using a small amount of appropriate solvent additive in the perovskite precursor solution can manipulate the nucleation and thereby facilitate improving the morphology and crystallinity of perovskite thin films. The solvent additive can effectively passivate the point charge defects such as Pb2+ in perovskite surface by forming chelation with Pb2+ resulting in the improvement in the performance of PSCs [126]. 1, 8-Diiodooctane (DIO) is one of the most extensively used solvents as an additive to control the phase separation in organic and polymer solar cells [127,128]. In the perovskite precursor solution, Jen et al. [110] verified that DIO, being a bidentate halogenated additive, could form the temporary chelation with Pb2+ that induces homogeneous nucleation and improve the rate of crystallization, leading to compact and uniform perovskite crystals. Similarly, to investigate the chelation relationship, Eperon et al. introduced a small quantity of HI as an additive in the FAPbI3 precursor solution in DMF solvent. They describe that acidic additive increases the solubility of lead halide in the perovskite solution, slows down the perovskite crystallization process, and positively contributes to obtaining pure perovskite phase high-quality thin films [129]. The effect of acid additives on the growth kinetics of perovskite thin films was further investigated by the Sanith group [130]. The colloidal dispersion is formed instead of the pure solution by dissolving perovskite in pure DMF solvent. The obtained perovskite crystals have rod-shaped colloids and poor morphology [131]. The presence of the hydroiodic acids in the precursor solution can lead to the dissolution of the lead poly halide colloids that serve the nucleation sites for growing perovskites in the as-cast thin films. An extended crystal growth period can be observed with the dissolution of large colloids and fewer nucleation sites, leading to larger polycrystalline grain domains. Heterogeneous nucleation controls the growth process, as nucleation occurs on foreign surfaces or through nuclei. The number of desired heterogeneous nucleation sites may be changed by regulating lead poly halide colloids’ concentration in the solution. The perovskite-growing particles would not impose themselves entirely on each other due to the availability of the least number of growing sites, causing pinholes in the active layer. Thus, the lead poly halide colloids’ concentration must be well controlled and optimized to realize pinhole-free perovskite crystals with large-size grains




4.4. Solvent Annealing


In this method, a solvent is introduced around the perovskite film, which is soluble (or partially soluble) with the perovskite precursors at the time of thermal annealing. Xiao et al. initiated the work by applying the DMF solvent in a closed environment around a perovskite film during the crystallization by thermal annealing [132].



Here, DMF vapors can produce a moist environment that enables precursor’s components to diffuse longer than conventional thermal annealing methods, thus encouraging grain growth and producing large-sized grains. Subsequent studies are conducted to understand the fundamental processes of how solvent annealing (SA) treatment influenced crystallization [133]. Furthermore, Cao and coworkers reported that the important role played by the solvent during the annealing process. They demonstrated that solvent vapors entrenched in the perovskite precursor films can help in coarsening the perovskite grains [134] as shown in Figure 6a–d. However, owing to the rapid escaping of the solvent at high temperatures, the small grains’ dissolution cannot happen. The long annealing time (from 5–15 min) at 100 °C ensure the escape of DMF solvent, and the absence of DMF reduces the Ostwald ripening process, leading to very little change in grain size and morphology (Figure 6e–g). They also characterized the morphology of perovskite annealed for a short time. They found that extended thermal annealing can increase the grain size (Figure 6h–j). The increasing size grain was attributed to the happening of the solvent-mediated Oswald ripening process during prolonged annealing. They further prepared perovskite films by using mixed (DMF and DMSO) host solvents for PbI2. The prominent role of Oswald ripening on the perovskite grain size growth is clearly observed (see Figure 6k–m) by mixing the optimized amount of DMSO, which is a strong base and has a high boiling point than the other component (DMF) of the host solvent. These results endorse the residual solvent’s important function in the occurrence of the Ostwald ripening process with the SA technique. Lastly, it was described that the most frequently used solvents (such as DMSO and DMF) have good solubility for both PbI2 and MAI and definitely can damage the perovskite film in the solvent annealing treatment under the uncontrolled vapor pressure [135]. To address the problem, alcohol vapors are engaged for the solvent annealing process, which has selective solubility for MAI over PbI2. Vapors of different alcohol having different polarities are reported to finely modulate the reaction rate of perovskite precursors and the growth of crystals. This technique helped to remove pinholes and passivated the defects, thereby leading to obtaining better quality perovskite films [135].




4.5. Nonstoichiometric Composition


During thermal annealing, because of the rapid depletion of the reaction medium (evaporation of solvents), the uniform growth of perovskite grains is relatively challenging. Extended heat treatment can lead to decaying the perovskite films due to the volatile nature of organic components. Therefore, the unequal molar concentration of perovskite components in solution has been found to help in suppressing the recombination at the grain boundaries (GBs), thereby allowing the smooth transfer of charge carriers. Yang et al. [136] have suggested employing a nonstoichiometric perovskite solution with excessive MAI to complement the volatile organic component during the grain formation at a higher temperature. With the use of nonstoichiometric perovskite solution’s large area, smooth perovskite films with improved morphology are achieved. A remarkable efficiency of 15.3% is obtained for the device with an active area of 1.2 cm2. Numerous postfabrication procedures have been established to encourage grain growth. Control of supersaturation is extensively implemented to manage the rate of nucleation, which enables to regulate the grain size of perovskite crystal. In 2014, Im et al. described that the rate of nucleation could be regulated by changing the concentration of CH3NH3I solution in two-step deposition [137]. In this method, spin-coated PbI2 films react in the solution with the MAI, where CH3NH3PbI3 is supersaturated if the MAI concentration becomes higher than the 0.02 m equilibrium concentration. It is obvious that nucleation with 0.063 m MAI solution becomes much faster due to increased MAPbI3 supersaturation in the precursor solution, producing a denser film with smaller size grains than the film based on 0.038 m MAI solution. Following a similar strategy, in 2016, Kim et al. [138,139] observed that a small quantity of excess PbI2 in precursors could impressively enhance the photovoltaic performance of PSCs devices. They proposed a nucleation and growth mechanism for PbI2 employing high-resolution transmission electron microscopy and noticed that apparently, a small extra amount of PbI2 could improve perovskite crystallinity, and thereby, impede ion migrations and decrease recombination. Thus, the addition of an excess amount of PbI2 in the absorber is commonly used by numerous groups as an effective process to improve the performance PSCs. Following the nonstoichiometric composition, Chen et al. showed impressive enhancement in PCE, 0.66% to 12%, by compositional/structural conversion of extra CH3NH3PbI3 to PbI2 occurred mostly at the GBs of the film during thermal annealing. This improvement in efficiency is attributed to the passivation of surface defects [140]. On the other hand, PbI2 can also be merged into perovskite absorbers by the addition of excess PbI2 to the precursor solution, which has been suggested as a means of decreasing J–V hysteresis by hindering ionic migration [139]. In further studies, Nazeeruddin et al. reported that unreacted PbI2 remaining as a secondary phase during dip coating can decrease charge carrier recombination at the perovskite/cathode interface, thereby improving device performance [141].





5. Scalable Fabrication of Perovskite Solar Cells


The fabrication of a smooth and pinhole-free large-area perovskite thin film is critically important to realize PSCs’ commercial application. Until now, the understanding of crystal growth mechanisms and precursor solution chemistry has enabled remarkable progress established on several scalable deposition techniques. This section summarized the significant improvement in the fabrication of large-area perovskite films and PSCs with scalable deposition methods.



5.1. Blade Coating


Blade coating is the most reliable, scalable, and widely used technique adopted in solution-processed perovskite solar cells. Minimum material waste, easy to operate, and compatible with roll-to-roll manufacturing makes it the most promising deposition technique [37]. The thickness of the blade coated film is generally determined by several internal and external factors.



Many research reports reveal that the blade coating produces a uniform wet film from the precursor solution by one-step deposition [79,142]. The applied external processing strategies largely control the quality of the crystallized solid films; therefore, control of the crystallization is critical to obtaining smooth and high-quality thin films during blade deposition. The comparatively slow solvent evaporation rate of freshly blade coated films facilitates larger crystals to grow; however, to obtain compact films with the natural drying process is challenging [143]. Temperature and atmospheric environments during annealing have been found to be crucial to obtain the films with preferred morphology [80]. For instance, both the gas blowing [91] and preheated high-temperature substrate [78] are described as promising approaches to control the perovskite nucleation and crystal, thereby resulting in high-quality perovskite films with decent PCEs of more than 20%. Huang et al. [79] reported the blade coating of perovskite films on a preheated substrate. The substrate’s temperature as high as ≈70–145 °C created a fast supersaturation of the precursor in the solution, leading to the rapid and uniform perovskite crystal growth. Low substrate temperature causes crystallization of intermediate phases with a needle-like shape that obstructs the films’ complete coverage. A coffee-ring-like structure with broad domains was detected after the solvent’s evaporation on the preheated substrate, which is attributed to the convection of the solution.



Alternatively, room temperature blade coating and vacuum-assisted crystallization approaches have been reported (see Figure 7a,b), yielding high-quality, pinhole-free perovskite thin films [37]. Using this strategy, Qiu et al. [144] reported the high electronic quality of the environment-friendly, economical biopolymer (poly-l-lysine) passivated perovskite solar cells, yielding an obvious increase in VOC by up to 100 mV. They obtained a high PCE of 19.45% in their blade-coated device. Similarly, following the same crystallization protocol, Hu et al. [145] proposed a 2D/3D mixed perovskite by blade-coating (see Figure 7c,d). First, the 3D MAPbI3 bulk perovskite is blade coated, followed by a thin layered 2D perovskite, which is formed by the judicially selected organic cation (S-benzyl-L-cysteine) as a spacer molecule (Figure 7g). The 2D/3D layered heterostructure makes as a well-defined interface and can be observed in microscopy imaging (shown in Figure 7e,f). It is reported that the two functional groups’ carboxyl and amine present in the spacing molecule of the 2D perovskite facilitates in passivating the surface defects of the 3D perovskite. Consequently, a noticeable increase in open-circuit voltage (VOC) up to 100 mV, and a high efficiency of 20.14% is delivered by the champion device.



Blade coating has been successfully applied for the deposition of thin films for scalable PSCs. Huang et al. [78] used small amounts of surfactant (L-α-Phosphatidylcholine) that vividly changed the fluid’s drying dynamics and increase the adhesion of the perovskite ink on the surface of the nonwetting charge transport layer. The additives facilitated the blade coating of uniform and pinhole-free perovskite films with root-mean-square roughness of 14.5 nm over 1 cm. Furthermore, the surfactant additive passivated the surface defects, resulting in PCE of over 20% in small area devices, 15.3%, and 14.6% in large aperture areas of 33.0 cm2 and 57.2 cm2, respectively.



Similarly, Zhu et al. [142] described the perovskite module’s fabrication via the doctor blading with a total area of 12.6 cm2 and an active area of 11.09 cm2 yielding a PCE of 14.06% from the reverse scan. The little amount of additive MACl was mixed in MAPbI3 perovskite precursor, facilitated crystallization by increasing the rate of grain growth, and shortened the annealing time to obtain better-quality perovskite films. Congping Li et al. [146] used monoammonium porphyrin (ZnP) as a surfactant additive for blade-coating stable large-area perovskite solar cells. They described that the surfactant additive could efficiently passivate the surface defects by firmly attaching to the perovskite surface. Furthermore, the ZnP additive provides a perfect molecular encapsulation to the perovskite surface, thereby avoiding volatile cations to escape. They successfully blade coated smooth and pinhole-free high-quality large area (16 cm2) perovskite films. A high PCE of 18.3% with a large area of 1.96 cm2 was remarkably achieved, while the PCE for the small-area (0.1 cm2) solar cell was up to 20.5%. These results indicate that the addition of ZnP effectively passivated the surface defects, controlled the perovskite grain growth, and facilitated pinhole-free fabrication of perovskite films. Guo et al. [37] developed a controlled crystallization protocol that fulfills the requirement of low-temperature deposition of precursor films, which is extremely needed for large-scale perovskite thin-film fabrication (as shown in Figure 7a). To assess the promising scalability to fabricate large-area PSCs by blade coating method, they fabricated a large-area module with an active area of 10.08 cm2. Their best module having four cells interconnected monolithically in series, displayed a high PCE of up to 15.38%. Notably, the insignificant VOC losses (22.5 mV) for each sub cell show that high-quality 2D/3D heterojunction perovskite films can be deposited on a large scale by one-step blade-coating technology. They obtained VOC of 1.17 V, which is the highest value ever reported in perovskite modules for subcells. Furthermore, it is reported that the lower FF of the module is probably because of the higher series resistance. This drawback is possibly associated with the patterning procedure rather than the perovskite film [145].



In short, currently, blade coating is the most efficient and economy scalable coating technique that produces uniform films for PSCs. However, the disadvantage is that only the perovskite active layers of the most efficient devices were coated by blading or other scalable methods, and the perovskite layer was blade coated in a glovebox under a controlled atmosphere. Therefore, it is of highly required to design suitable perovskite ink chemistries that can be processable in ambient environment and the improvement in coating technique to fully blade coat the efficient PSCs.




5.2. Slot-Die Coating


The slot-die coating is another extensively used scalable organic and perovskite thin-film fabrication technique. In this technique, the precursor is regularly delivered from the coating head towards the substrate [20]; continuous meniscus liquid edge forms in the gap between the substrate and coating head, which is used to derive the spread of liquid film across the substrate. Fast and accurate coating applied to the slot die is useful for large-scale manufacturing with high output [147]. During the coating, the wet film thickness can be estimated by supplied ink quantity and theoretical calculation to control all the processing parameters. In this technique, the morphology of the crystallized perovskite film predominantly relies on the external strategies during the solidification process and the solvent extraction rate.



Cotella et al. [148] investigated the influence of air-knife blowing and substrate temperature on the perovskite film formation during the slot-die coating. Preheating the substrate to 65 °C and air-knife blowing during slot-die coating can increase the drying dynamics and accelerate the crystal growth process. Finally, wet perovskite films can be quickly dried, producing a considerably fast precursor supersaturation, leading to heterogeneous nucleation on the surface of the heated substrate. Chemical additives are also used in the perovskite solutions to enhance the degree of crystallinity of solid perovskite films. Zuo et al. [149] demonstrated a simplistic blowing-assisted drop-casting (BADC) method to fabricate CH3NH3PbI3 films for perovskite solar cells (see Figure 8g). The effects of the NH4Cl additive on the morphology of CH3NH3PbI3 films have been investigated by the SEM images. The perovskite films prepared without additives have shown some cracks and pinholes, which result in device shunt resistance (see Figure 8a). Cracks and pinholes disappeared by adding 5 mg mL−1 NH4Cl additive (see Figure 8b). The films prepared with 10 mg mL−1 NH4Cl additive demonstrate a much bigger grain size than without and with 5 mg mL−1 additive (Figure 8c). The grain size is similar in films formed with 20 mg mL−1 NH4Cl additive, but a smaller crystallite size is observed (Figure 8d). They also attempted spin coating of perovskite films under the same condition without and with 10 mg mL−1 NH4Cl additive (see Figure 8e,f). Poor morphology with huge pinholes can be observed in the films. As a result, the optimized 10 mg mL−1 NH4Cl additive, to better the crystallinity (Figure 8i) of the perovskite film, is utilized. They also prepared PSCs in the air with a structure of ITO/m-PEDOT:PSS/CH3NH3PbI3/PCBM/Ca/Al (see Figure 8h) and obtained a maximum PCE of 19.48%. The optimized design is then effectively applied to slot-die coating on a glass substrate and next to roll-to-roll on a flexible substrate, giving the record PCEs of 15.57% and 11.16%, respectively.



Nevertheless, the slot-die coating also has some drawbacks, such as the wastage of a sufficiently large quantity of perovskite ink to fill up the ink reservoir and the supply pipes during device fabrication. Therefore, this technique is much more expensive for laboratory applications compared to the blade coating. As a result, the slot-die technology is not employed frequently in research labs, and the slot-die coated devices have much lower PCE than blade coating PSCs.



The slot-die coating process has been proposed as a roll-to-roll compatible process for the manufacturing of PSCs in recent years individually by Hwang et al. in 2015 [90] (Ciro et al. [150], Cotella et al. [148], and Qin et al. [151] in 2017), (Zuo et al., Di Giacomo et al., and Kim et al. in 2018) [149,152,153]. Excellent performance has been reported so far on slot-die-coated PSCs. However, this has been demonstrated mostly for small area devices with small aperture masks for testing. Several times the slot-die coating technique has applied for the scalable fabrication of perovskite solar cells. The first fully slot-die-coated perovskite module with an active area of 40 cm2 was reported in 2015, by Hwang et al. [90]. It was described that the slot-die coating of MAI at room temperature produced a thin and incomplete perovskite layer. Therefore, to improve the quality of perovskite, they heated PbI2 coated substrate, which accelerated the perovskite conversion reaction. Consequently, dense films with cubic shape crystals were obtained, leading to improving the PCE from 4.20% to 11.96% at an optimized substrate temperature of 70 °C [90]. Based on the fact that the fast nucleation encourages the formation of dense, uniform, and compact perovskite films, therefore, adding the PbCl2 in perovskite further increases the Ostwald ripening of the small grains results in films with large size grains. Later in 2018, Lee et al. [154] fabricated a PCE of 13.3% in a small cell and 8.3% in a 10 cm2 submodule using mixed Pb precursors. Following this, Giacomo et al. [152] also employed the mixed Pb perovskite precursors solution and fast crystallization kinetics to fabricate large-area PSCs using a slot die coating. Perovskite films deposited with slot die exhibited a superior crystallinity with a larger grain size than the spin-coated films. They fabricated perovskite thin films and the hole-transporting (spiro-MeOTAD) layers for submodules (168.75) cm2 and obtained the PCE of more than 10%. Similarly, for upscaling the perovskite solar cells, in 2018, Galagan et al. [155] demonstrated the coating of perovskite thin films by roll-to-roll slot-die technique (Figure 9g) which resulted in a uniform, transparent layer with a thickness of about 45 nm on a flexible substrate with a width of 30 cm and the web speed of 3–5 m min−1 for efficient, flexible solar cells. The average stabilized PCE achieved for the devices made on different areas of the foil is 12%, with the best value of 13.5%.



A mixed-cation mixed-halide perovskite (Cs0.15FA0.85PbI2.85 Br0.15) by applying similar solvent composition and drying settings has also been demonstrated. As estimated, the crystallization pattern of the roll-to-roll manufactured Cs0.15FA0.85PbI2.85Br0.15 layer is different from the CH3NH3PbI3 layers. The microstructures of Cs0.15FA0.85 PbI2.85Br0.15 thin films with both slow and fast temperature ramp-up enable plate-like crystals (see Figure 9c,d) and there is no inclination to the formation of needle-like crystals (see Figure 9a,b), which has been observed in the CH3NH3PbI3 composition. The SEM images of Cs0.15FA0.85 PbI2.85Br0.15 thin films with fast temperature ramp-up and cross-sectional FIB-SEM images of SnO2 and perovskite layers R2R coated on PET/ITO substrates, with fast temperature ramping are shown in Figure 9e,f. Furthermore, it looks as the fast temperature ramp-up has a positive influence on the crystallization process: the grains of crystal are found to be compact, resulting in a uniform layer.



In short, it is scalable and a continuous production technology. Fully slot-die-coated (except metal electrode) PSCs fabricated with low PCE up to 9%. Therefore, full comprehension of the crystal growth mechanism and formulation of new solutions engineering might be essential to improve PCE and further move towards continuous production. Additionally, revising the several processing factors, including solution dynamics, fluid dynamics, and solution delivery may help produce the most efficient PSCs by this coating method.




5.3. Spray Coating


Spray coating is a useful low-temperature thin film deposition technology that provides a continuous, high coating rate suitable for different substrates. It has been used to deposit organic photovoltaic (OPV) films, oxide thin films, and painting [156]. Its process consists of four consecutive stages: the formation of droplets, the transfer of the droplets towards a substrate, the coalescence of the droplets into a wet film, and the last step is the annealing process [157,158]. The droplets are generated through a nozzle from the coating solution. The control of the droplets’ size and uniformity is critically important to obtain a uniform coating across a surface. This technique also attracts great attention in the fabrication of perovskite thin films [159]. However, less perovskite studies have been reported using the spray coating method, perhaps because of PSCs’ instability in the ambient atmosphere.



In the last few years, significant efforts have been made to control perovskite crystallization during the spray coating of PSCs. In 2014, Barrows et al. fabricated the first planar structured PSCs, using a spray coating technique. In this study, spray solvent volatility, the post-deposition heating time, the effect of substrate temperature on perovskite film, and surface coverage of the perovskite were studied. The grain size and the substrate coverage appeared to be different with different substrate temperatures because of changes in nucleation and crystallization rates. Through the optimization, the film with the highest coverage of 85% could be obtained at the substrate temperature of 75 °C, which resulted in a PCE of 11% [160].



Das et al. highlighted that the controlled substrate temperature is essential to improve the resulting perovskite films’ coverage. They displayed the option of using the spray coating method for roll-to-roll device fabrication. They demonstrated perovskite solar cells on a flexible substrate and obtained efficiency up to 7.3% [159]. In 2016, Ishihara et al. applied a two-solvent system to spray coat the PSCs. They added a small surface tension surfactant in solvents to reduce the liquid surface tension. In the spray-coating process, they observed the fluid dynamics of droplets. The volume ratio of solvents (NMP and DMF) was altered and optimized to produce a local surface tension gradient. So, droplets can spread and form a continuous wet film on the substrate to attain perovskite films with high surface coverage. Thus, PCE of the devices made through the two-solvent system reaches 14.2%, which is one-and-a-half times that prepared with the one-solvent spray pyrolysis [161].



The two-step deposition strategy has proven to be more feasible, as perovskite films are somewhat less affected by their surrounding atmosphere. Sequential spray-coated perovskite films have shown better photovoltaic performance and substrate surface coverage [162]. Huang et al. described the sequential spray coating of PbI2 and MAI solution [163]. Postannealing induced the interdiffusion of two-step deposited precursor layers, which then converted to MAPbI3 perovskite films. It was described that the morphology of the PbI2 layer could be modified by controlling the substrate temperature during the spin-coating. In the spray coating process, the control of substrate temperature while the film is being fabricated was comparatively easy. By systematically optimizing the fabrication process, the MAPbI3 films with full surface coverage were successfully deposited. The resulting MAPbI3 films displayed an improved PL lifetime compared with those formed by a sequential spin coating process, resulting in higher performance of the devices than those based on the spin coating process. The stabilized PCE of 15.4% can be achieved with an active area of 0.1 cm2 and 13.09% with an active area of 1 cm2.



Many attempts have been made to get better PCEs in large-area solar cells using a spray coating method. The relatively better PCE (of an average 13.7% in 1 cm2 active area) in spray-coated MAPbI3 devices is achieved using the mega sonic-spray method in which a 1.7-MHz mega sonic nebulizer is utilized [164]. In this method, mist droplets are formed, which are narrower and smaller than those achieved in conventional ultrasonic spraying and result in uniform grain size. The spray coating of FAPbI3-based perovskite is less studied compared with MAPbI3. Based on this technique, an FA-base with mixed halides perovskite film on a large substrate was fabricated by applying spray coating and chemical-vapor-transport deposition. First, they coated the PbI2 by the spraying technique followed by the vaporized mixed organic halides to react with the PbI2 film using the chemical-vapor-transport method. PSC made using this feasible technique showed a better efficiency of 14.7% [165]. In another study, Liu et al. [166] used a scalable, automated ultrasonic one-step solution process spray deposition method for the fabrication of large-area perovskite CH3NH3PbI3 films. Their device with an active area of 1 cm2 displayed a better photovoltaic performance and good moisture stability. A PCE of 12.30% was achieved by optimizing perovskite composition. By following the same optimized coating process, they fabricated the large-area PSCs and obtained 10.18% efficiency for the device area of 2 cm2 and 7.01% in the 3 cm2 device area. Tait et al. [167] also utilized the same optimized ultrasonic spray coating method and formulated the precursor composition. The ratio of MAI, MABr, PbI2, PbCl2, and PbAc2 in the precursor solution was judicially optimized and finally improved the perovskite crystals’ morphology. They achieved the efficiency of 13.7% for an area of 0.13 cm2, and 10.4% PCE for the device with an active area of 3.8 cm2.



In 2016, Lee et al. [168] demonstrated spray-coating of mixed halide MAPbI3-xClx perovskite on a preheated substrate and achieved large-grain-sized perovskite films by optimizing the inward flux (Fin) and the outward flux (Fout) (see Figure 10a). They used two solvents, the high boiling point GBL and the low boiling point DMF solvent, in a volume ratio of 8:2 to get the large size (an average of 1.5  μ m) perovskite crystals.The perovskite crystal grains continue their growth as the spraying time increased to 30 s (Figure 10b), 60 s (Figure 10c), and 90 s (Figure 10d). In the initial stage, the formed perovskite grains are small. Then, on the replenishment of the MAPbI3-xClx solution, in accordance with Ostwald ripening, the small grains are redissolved and recrystallized into large grains. The better PCE of 15.5% is achieved for the submodule. In subunit cells, its PCE reaches up to 18.3%, which is the highest efficiency until now. These results indicate that the spray-coating method has great potential for achieving economical, large-area, and efficient PSCs.



In 2019, Park et al. [164] demonstrated continuous spray coating of CH3NH3PbI3 films employing a 1.7 MHz megasonic nebulizer (see Figure 11a). They reported large-area 7.5 × 7.5 cm2 planar architecture perovskite devices (Figure 11b) with an active area of the single-cell up to 1 cm2. The device delivered a top high efficiency of 14.2% and an average PCE of 13.7%, which is the highest PCE ever reported in spray-coated PSCs. They have demonstrated that the morphology of the perovskite surface slightly depends upon the scan speed. Almost similar perovskite film morphology is observed at a scan speed of 10, 15, and 20 mms−1 (see Figure 11c–e). The grain size varies only with different scan speeds (see Figure 11f–h). The largest grain size (790 nm) is observed at a scan speed of 15 mms−1 (see Figure 11g). High-quality perovskite active layer with large-scale grain has been achieved by controlling the reaction temperature and the flowing rate of the CH3NH3PbI3 precursor solution [164].



In short, spray coating is a scalable low-temperature thin-film fabrication technology. After blade coating, it is the most efficient large-area coating technique. However, mostly single-step spraying deposited perovskite film morphology is not uniform, having dendritic, or incomplete substrate coverage, which causes the poor PV performance of PSCs than those fabricated by other scalable coating techniques. Enormous shunt resistance lowers all the performance parameters. Therefore, optimizing the substrate temperature, spraying speed, the distance between the substrate and nozzle, the perovskite precursors composition, the precursor host solvents, and additives improves the perovskite film morphology and the device performance. The wastage of a large quantity of the perovskite solution is a big challenge for this method’s feasibility to become a promising scalable technology. In the future, it could be expected, with more devoted hard works, to apprehend a high flux spray pyrolysis process that would enable economical for perovskite solar modules.




5.4. Ink-Jet Printing


An inkjet printing technology enables fast and material-conserving coating of thin films for the large-scale fabrication of photovoltaic thin films with the ability to produce preferred patterns. However, the delicate control of crystallization of the deposited wet films and solution properties is a basic requirement to improve printing accuracy [169]. In this printing technology, control of the drop size is essential to obtain uniform thickness film. The ink properties play a vital role in ensuring the formation of stable droplets at the nozzle. Furthermore, the quality of the fabricated film predominantly relies on the scattering of drops, coalescence, crystallization, and homogeneity of the film during annealing. The above factors are basically determined by the ink droplet’s interaction with the substrate, for example, the contact angle and surface roughness, etc. [18]. The amusing achievement significantly encourages the use of this processing technique in perovskite devices.



In 2014, Yang et al. first fabricated metal-electrode-free PSCs by inkjet printer [170]. For the top electrode, carbon is applied, which is inert to iodide in perovskite. Due to the synergistic effects of carbon incorporation, high efficiency of 11.6% was achieved in small area devices. In a subsequent study, Song et al. [171] fabricated perovskite precursor films by using one-step inkjet printing. The temperatures of the substrate again can strongly influence the film-forming process, and the substrate heated at 50 °C quickly removed the solvents for uniform film thickness. In 2016, Mathies et al. [172] demonstrated an additional vacuum annealing step after precursor film deposition. They point out that the vacuum annealing method could improve crystallinity, thereby obtaining compact and uniform perovskite film with better morphology. The PSCs fabricated using a vacuum-annealed process and optimizing the distance between the printing drops and the maximum number of printed sublayers delivered a high PCE of 11.3%. In 2018, Mathies et al. [173] also extended the technology to mix triple cations PSCs. The devices fabricated deliver much higher efficiency than the mono cation-based PSCs, which was the maximum of 15.3% in the best device. The printed triple cation-based PSCs also significantly outperformed MAPbI3-based PSCs in both extended stability and efficiency. The PCE of triple cation-based PSCs decreased only 10% at 80 °C temperature for around 120 min, while MAPbI3-based devices were nearly totally degraded. In 2020, Eggers et al. [174] demonstrated good-quality inkjet-printed triple-cation perovskite thin films with excellent thicknesses of >1 µm. The thickness of the inkjet-printed absorber layer increases with printing resolution (see Figure 12b). The range of perovskite thin films is around 400 nm (600 dpi) up to almost 4 µm (2000 dpi). They demonstrate maximum high PCEs of more than 21% and greater than 18% stabilized power output efficiencies for their inkjet-printed PSCs. For crystallization, the printed wet films can be moved physically to a close vacuum chamber (see Figure 12a). They evacuated the vacuum chamber for a few minutes. When the pressure decreased to 5 × 10−2 mbar, it declined the boiling point of the solvents, and increased the evaporation rate of the solvents. On the basis of their boiling point, first DMF started to evaporate, then followed by DMSO and GBL. When the removal of solvents is completed, then the crystallization of wet film started. Next, the chamber was gently vented with ambient air, and the samples then can be annealed on a hotplate under ambient air.



It is also revealed that perovskite thin films fabricated by inkjet printing techniques exhibit solute agglomeration and rod-shapes if printed from high ratio DMF or high ratio DMSO, respectively. Li et al. obtained the balance between the ink solvent’s evaporation rate by mixing DMF and DMSO in an equal volume ratio. They successfully obtained the compact perovskite crystals with a grain size greater than 2 µm by optimizing the droplet’s physical properties. Due to the good crystallinity of the absorber layer, the fabricated devices demonstrated high efficiency of 18.6% with an active area of 0.04 cm2 [175].



In 2018, Xing et al. [176] produced inkjet-printed good-quality perovskite films through optimizing the solvent composition and vacuum-assisted thermal annealing posttreatment method. Inkjet-printed thin film growth techniques and basic steps involved in device fabrication are shown in Figure 13a. Noncontinuous perovskite dendrites are observed in thin films after conventional annealing as shown in Figure 13c. However, with the vacuum-assisted thermal annealing posttreatment strategy, extremely uniform and dense films are obtained as shown in Figure 13d. The planner heterojunction MAPbI3 PSCs have been fabricated (as shown in Figure 13b) and by the synergetic effect of these two techniques, the PCE previously reported as   ≤ 12.3 %   can be further enhanced to 17.04% for devices with area 0.04 cm2 and 13.3% for large area 4.0 cm2. The addition of NH4Cl as an additive into the perovskite precursor solution is found to stimulate the growth of perovskite crystals with desired orientation under ambient conditions [177]. Upon exposure to moderate humidity (≈RH 35%), the intermediate phases can be converted slowly to perovskite crystals with preferred orientation. Liu et al. [178] fabricated self-assembled silane layers to decrease the recombination of the charge carriers at the interfaces, which improves the VOC of the devices. Hu et al. [179] also successfully demonstrated a 10 cm × 10 cm module delivering a PCE of 10.4%.



In 2017, Grancini et al. [180] demonstrated a 2D−3D interface engineering method for hybrid perovskite film formation to enhance solar device performance and stability. Their 10 cm × 10 cm module with an active area of 47.6 cm2 delivers a PCE of 10.10% with one-year comprehensive stability. Remarkably, the module showed no decrease in PCE after 12 h. Some other groups have also used this printing process to fabricate the solar cells and modules. However, their photovoltaic efficiency is still comparatively poor [181]. In short, inkjet printing is a scalable and promising technology for the future upgrading of large-scale PSCs and modules.



Table 1 presents the summary of different scalable deposition techniques used to prepare large-area perovskite thin films and their roll-to-roll capabilities, along with their current state-of-the-art device efficiencies for both modules (aperture area ≥10 cm2) and the single cells (aperture area ≤1 cm2).



All layer fabrication lines for PSCs may apply the combined multiple deposition methods integrated together. The most successful scalable solution technique to produce perovskites so far is blade coating, which only has demonstrated PCEs > 20%. Furthermore, the wastage of ink is substantially less than the other coating methods, particularly in a roll-to-roll deposition. Perovskite films fabricated with blade coating are typically uniform, pinhole-free, and display long-lived photoluminescence signifying it is a cost-effective deposition technique that can be tuned for a specific application. Though, significantly, variability in the quality coating might also be reported. Compared to other discussed methods, blade coating does not have arrangement for ink reservoir in its simplest form. So, the ink chemistry may change a little bit with the passage of some time. Similarly, spray coating and the slot-die coating methods are also scalable and roll-to-roll compatible. However, for the slot-die coating, the bottleneck is that a large quantity of ink used to fill the ink reservoir along with supply pipes is wasted. The same situation is with the spraying process; therefore, generally, both techniques are less utilized use to optimize the new ink chemistries. Consequently, the slot-die coating is less investigated, and the PSCs fabricated with slot die have a much lower efficiency than the device fabricated via blade coating. However, slot-die coating has the potential to demonstrate better results than blade coating when the ink is already fully developed. In the blade coating technique, thin-film morphology and device performance are mostly improved by the use of additives in the precursor solution. Therefore, judicial selection and addition of an optimized quantity of additives and optimizing the drying process may be promising techniques to improve the performance of devices fabricated by other scalable techniques. This process allows for a preferable crystallization pattern of the perovskite material with micrometer-large columnar grains.





6. Instability in Perovskite Solar Cells


Instability in PSCs is one of the biggest challenges in their commercial application. In the following paragraph, we have briefly reviewed prominent causes of instability and their solutions in PSCs.



6.1. Causes


Mostly, the metal electrodes are used for back contacts in PSCs, the corrosion on electrodes invasion badly affects the performance of the device. Similarly, the ions movement from both sides results in the degradation in perovskite and lowers the PCE [182,183]. Charged point defect migration and accumulation on perovskite and ETL or HTL interfaces badly affect fill factor and the PCE interfaces and grain boundaries are the places where degradation starts easily [184].




6.2. Solutions


Interfacial layers: Several approaches have been employed to improve device stability and performance. Inserting buffer layers between HTM and perovskite, replacement of instable HTM with some stable materials, and appropriate encapsulation can effectively improve stability [185]. Similarly, the interface modification [186,187,188] between the ETL and the perovskite absorber or using such materials which remain stable under UV radiation can improve stability [189]. Interfacial engineering is also an effective approach which has shown better stability. Such layers stop metal ion diffusion and helps to generate stable PSCs [185,190].



Use of additives: The interfaces and grain boundaries-sites are more vulnerable places where degradation may start easily, therefore, protecting them can slow the decomposition process. The use of additives such as quaternary ammonium halide [191], urea [112], thiophene, pyridine [116], and phenyl-C61-butyric acid methyl ester (PC61BM) [192] have shown the improvement in device stability [193,194]. The additive technique is most promising because it passivates defect states and stops instability causing channels.



Dimensionality engineering: Devices using low-dimensional perovskites in which some or all cations are replaced by large organic ligands displayed improvement in stability over the long-term operation against moisture and light soaking, as compared with 3D perovskite devices [180,195,196]. However, large ligands disrupt charge-transfer transport and sacrifice efficiency [197,198]. Alternatives such as conjugated cations [198] and shorter-chain cations [199], can inherently increase efficiency without sacrificing stability [200,201].



In the present scenario, the accurate estimation of standard stability of PSCs is difficult due to the different testing condition used by the PSC community [202]. The perovskite PV community needs to improve the stability reporting standards. Different light sources are used in indoor light stability tests [203]. To develop and follow the standard protocols, which address all the instability channels which may be enabled, accelerates stability and helps to accurately predict the lifetime of PSCs.





7. Conclusions and Outlook


Perovskite thin films have yielded exceptional photovoltaic performance and are considered compatible with inexpensive, scalable manufacturing. Despite significant improvements in small-area PSCs’ photovoltaic performance, the large-area fabrication of uniform and high-quality perovskite films remains a challenge. We have explored recent progress on the understanding of crystal growth mechanisms for the large-area fabrication of perovskite films and devices on this account. It has been demonstrated based on Fick’s first law that the solute particle diffusion process can control the crystal’s growth process. This prerequisite allows LaMer’s model to be applied in order to comprehend the perovskite growth mechanism. Therefore, it is commonly used to describe the morphological variation in perovskites, based on the understandings of nucleation and crystal growth. We have highlighted several physical and chemical techniques to control perovskite film morphology during the growth process. Antisolvent extraction is one of the most successful physical techniques for lab-scale devices. To meet the requirements of large area deposition, hot casting, vacuum quenching, and gas blowing are used individually or in combination as per the requirement of the deposition technique. Several chemical approaches have evolved for the spin-coating method, such as additives; compositional engineering has been found to still be useful in the scalable processes for improvement of film quality and optoelectronic properties of the large-area perovskite films. Noticeable progress has been made in the successful coating of perovskite absorber layers with the different scalable thin film coating technologies as described in this review. Comprehensive understandings of perovskite nucleation process as well as crystal growth theories, and the strategies applied during the deposition and growth processes to control the morphology of perovskite film have been summarized.



Understanding the crystallization process and underlying solution chemistry has enabled the deposition of better perovskite crystals and reproducible devices. Despite the great progress in the large-area fabrication of PSCs, the PCE of the large-area module is still well below the marketing threshold. The most successful scalable solution technique to produce perovskites so far is blade coating, which only has demonstrated PCEs > 20%. The deposition of back contacts of PSCs by vacuum-free processes is highly required to fully utilize the cheap processing advantages of PSCs. Although, the slot-die-coated PSCs with screen-printed silver electrodes produced only a little lower PCE than cells with evaporated metal (silver) electrodes (6.4% versus 7.9%), displaying the good potential of vacuum-free fabrication. Systematic analysis of solution chemistry and crystallization processes of the perovskite thin films with diverse coating methods would be necessary for further improvement in the photovoltaic performance of the large-area perovskite modules. For instance, molecular interactions of specific compositions in precursor solutions and their impacts on perovskite film crystallization are still under study. Knowing the precursors interaction and developed growth kinetic models would be helpful in designing a rational solution composition for film fabrication using various coating methods. This would also be essential to figure out how to adapt the advanced techniques established for both small area devices to the scalable devices. This review has sought to cover the detailed recent studies encompassing crystal growth theories, recent adopted growth technique, and scalable fabrication of PSCs. Hopefully, this review article can help understand the perovskite crystal growth mechanism and massive large-area fabrication of thin films for photovoltaic applications.







Author Contributions


Conceptualization, B.C.; data curation, M.A., L.Z. and M.R.; writing—original draft preparation, M.A and L.Z.; writing—review and editing, B.C., X.-C.Y. and F.G.; supervision, B.C. and X.-C.Y.; All authors made contributions to the final revision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Foundation (NSF) (61605064, 1263236, 0968895, 1102301); Guangdong Province Natural Science Fund (2016A03031008), the 863 Program (2013AA014402), the Shenzhen Peacock Team Fund (KQTD2017033011044403), Science and Technology Innovation of Shenzhen (KQJSCX20170727100838364), and Shenzhen Key Laboratory of Micro-scale Optical Information Technology Fund (ZDSYS201703031605029).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tian, W.; Zhou, H.; Li, L. Hybrid Organic-Inorganic Perovskite Photodetectors. Small 2017, 13, 1702107. [Google Scholar] [CrossRef] [PubMed]

	



Stranks, S.D.; Eperon, G.E.; Grancini, G.; Menelaou, C.; Alcocer, M.J.; Leijtens, T.; Herz, L.M.; Petrozza, A.; Snaith, H.J. Electron-hole diffusion lengths exceeding 1 micrometer in an organometal trihalide perovskite absorber. Science 2013, 342, 341–344. [Google Scholar] [CrossRef] [PubMed]

	



Gu, C.; Lee, J.S. Flexible Hybrid Organic-Inorganic Perovskite Memory. ACS Nano 2016, 10, 5413–5418. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wang, W.; Xu, B.; Liu, S.; Dai, H.; Bian, D.; Chen, S.; Wang, K.; Sun, X.W. Thin film perovskite light-emitting diode based on CsPbBr 3 powders and interfacial engineering. Nano Energy 2017, 37, 40–45. [Google Scholar] [CrossRef]

	



Wang, S.; Ono, L.K.; Leyden, M.R.; Kato, Y.; Raga, S.R.; Lee, M.V.; Qi, Y. Smooth perovskite thin films and efficient perovskite solar cells prepared by the hybrid deposition method. J. Mater. Chem. A 2015, 3, 14631–14641. [Google Scholar] [CrossRef]

	



Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y.; Hoogland, S.; Rothenberger, A.; Katsiev, K.; et al. Low trap-state density and long carrier diffusion in organolead trihalide perovskite single crystals. Science 2015, 347, 519–522. [Google Scholar] [CrossRef]

	



Xing, G.; Mathews, N.; Sun, S.; Lim, S.S.; Lam, Y.M.; Grätzel, M.; Mhaisalkar, S.; Sum, T.C. Long-range balanced electron- and hole-transport lengths in organic-inorganic CH3NH3PbI3. Science 2013, 342, 344–347. [Google Scholar] [CrossRef]

	



Dong, Q.; Fang, Y.; Shao, Y.; Mulligan, P.; Qiu, J.; Cao, L.; Huang, J. Solar cells. Electron-hole diffusion lengths > 175 μm in solution-grown CH3NH3PbI3 single crystals. Science 2015, 347, 967–970. [Google Scholar] [CrossRef]

	



Miyata, A.; Mitioglu, A.; Plochocka, P.; Portugall, O.; Wang, J.T.-W.; Stranks, S.D.; Snaith, H.J.; Nicholas, R.J. Direct measurement of the exciton binding energy and effective masses for charge carriers in organic–inorganic tri-halide perovskites. Nat. Phys. 2015, 11, 582–587. [Google Scholar] [CrossRef]

	



Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [Google Scholar] [CrossRef]

	



Kim, H.S.; Lee, C.R.; Im, J.H.; Lee, K.B.; Moehl, T.; Marchioro, A.; Moon, S.J.; Humphry-Baker, R.; Yum, J.H.; Moser, J.E.; et al. Lead iodide perovskite sensitized all-solid-state submicron thin film mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep. 2012, 2, 591. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.M.; Teuscher, J.; Miyasaka, T.; Murakami, T.N.; Snaith, H.J. Efficient hybrid solar cells based on meso-superstructured organometal halide perovskites. Science 2012, 338, 643–647. [Google Scholar] [CrossRef]

	



Xiao, K.; Han, Q.; Gao, Y.; Gu, S.; Luo, X.; Lin, R.; Zhu, J.; Xu, J.; Tan, H. Simultaneously enhanced moisture tolerance and defect passivation of perovskite solar cells with cross-linked grain encapsulation. J. Energy Chem. 2020, 56, 455–462. [Google Scholar] [CrossRef]

	



Yang, C.; Wang, Z.; Lv, Y.; Yuan, R.; Wu, Y.; Zhang, W.-H. Colloidal CsCu5S3 nanocrystals as an interlayer in high-performance perovskite solar cells with an efficiency of 22.29%. Chem. Eng. J. 2020, 406, 126855. [Google Scholar] [CrossRef]

	



Bush, K.A.; Frohna, K.; Prasanna, R.; Beal, R.E.; Leijtens, T.; Swifter, S.A.; McGehee, M.D. Compositional Engineering for Efficient Wide Band Gap Perovskites with Improved Stability to Photoinduced Phase Segregation. ACS Energy Lett. 2018, 3, 428–435. [Google Scholar] [CrossRef]

	



Li, Y.; Shi, J.; Zheng, J.; Bing, J.; Yuan, J.; Cho, Y.; Tang, S.; Zhang, M.; Yao, Y.; Lau, C.F.J.; et al. Acetic Acid Assisted Crystallization Strategy for High Efficiency and Long-Term Stable Perovskite Solar Cell. Adv. Sci. 2020, 7, 1903368. [Google Scholar] [CrossRef]

	



Li, N.; Niu, X.; Chen, Q.; Zhou, H. Towards commercialization: The operational stability of perovskite solar cells. Chem. Soc. Rev. 2020. [Google Scholar] [CrossRef]

	



Pulli, E.; Rozzi, E.; Bella, F. Transparent photovoltaic technologies: Current trends towards upscaling. Energy Convers. Manag. 2020, 219, 112982. [Google Scholar] [CrossRef]

	



Nie, W.; Tsai, H.; Blancon, J.C.; Liu, F.; Stoumpos, C.C.; Traore, B.; Kepenekian, M.; Durand, O.; Katan, C.; Tretiak, S.; et al. Critical Role of Interface and Crystallinity on the Performance and Photostability of Perovskite Solar Cell on Nickel Oxide. Adv. Mater. 2018, 30, 1703879. [Google Scholar] [CrossRef]

	



Liu, C.; Cheng, Y.B.; Ge, Z. Understanding of perovskite crystal growth and film formation in scalable deposition processes. Chem. Soc. Rev. 2020, 49, 1653–1687. [Google Scholar] [CrossRef]

	



Bu, T.; Liu, X.; Li, J.; Huang, W.; Wu, Z.; Huang, F.; Cheng, Y.-B.; Zhong, J. Dynamic Antisolvent Engineering for Spin Coating of 10 × 10 cm2 Perovskite Solar Module Approaching 18%. Sol. RRL 2020, 4, 1900263. [Google Scholar] [CrossRef]

	



Dunlap-Shohl, W.A.; Zhou, Y.; Padture, N.P.; Mitzi, D.B. Synthetic Approaches for Halide Perovskite Thin Films. Chem. Rev. 2019, 119, 3193–3295. [Google Scholar] [CrossRef] [PubMed]

	



Jin, S.; Wei, Y.; Yang, X.; Luo, D.; Fang, Y.; Zhao, Y.; Guo, Q.; Huang, Y.; Fan, L.; Wu, J. Additive engineering induced perovskite crystal growth for high performance perovskite solar cells. Org. Electron. 2018, 63, 207–215. [Google Scholar] [CrossRef]

	



Gao, C.; Dong, H.; Bao, X.; Zhang, Y.; Aziz, S.; Yu, L.; Wen, S.; Yang, R.; Dong, L. Additive engineering to improve efficiency and stability of inverted planar perovskite solar cells. J. Mater. Chem. C 2018, 6, 8234–8241. [Google Scholar] [CrossRef]

	



Yang, W.S.; Park, B.-W.; Jung, E.H.; Jeon, N.J.; Kim, Y.C.; Lee, D.U.; Shin, S.S.; Seo, J.; Kim, E.K.; Noh, J.H. Iodide management in formamidinium-lead-halide-based perovskite layers for efficient solar cells. Science 2017, 356, 1376–1379. [Google Scholar] [CrossRef]

	



Cao, X.; Zhi, L.; Jia, Y.; Li, Y.; Zhao, K.; Cui, X.; Ci, L.; Zhuang, D.; Wei, J. A Review of the Role of Solvents in Formation of High Quality Solution-Processed Perovskite Films. ACS Appl. Mater. Interfaces 2019, 11, 7639–7654. [Google Scholar] [CrossRef]

	



Jeon, N.J.; Noh, J.H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Sang, I.S. Compositional engineering of perovskite materials for high-performance solar cells. Nature 2015, 517, 476–480. [Google Scholar] [CrossRef]

	



Park, N.-G.; Zhu, K. Scalable fabrication and coating methods for perovskite solar cells and solar modules. Nat. Rev. Mater. 2020, 5, 333–350. [Google Scholar] [CrossRef]

	



Moore, D.T.; Sai, H.; Tan, K.W.; Smilgies, D.M.; Zhang, W.; Snaith, H.J.; Wiesner, U.; Estroff, L.A. Crystallization kinetics of organic-inorganic trihalide perovskites and the role of the lead anion in crystal growth. J. Am. Chem. Soc. 2015, 137, 2350–2358. [Google Scholar] [CrossRef]

	



Köster, U. Crystallization of amorphous silicon films. Phys. Status Solidi A 1978, 48, 313–321. [Google Scholar] [CrossRef]

	



Swartwout, R.; Hoerantner, M.T.; Bulović, V. Scalable Deposition Methods for Large-area Production of Perovskite Thin Films. Energy Environ. Mater. 2019, 2, 119–145. [Google Scholar] [CrossRef]

	



Guo, F.; He, W.; Qiu, S.; Wang, C.; Liu, X.; Forberich, K.; Brabec, C. Sequential Deposition of High-Quality Photovoltaic Perovskite Layers via Scalable Printing Methods. Adv. Funct. Mater. 2019, 29, 1900964. [Google Scholar] [CrossRef]

	



Zeng, L.; Chen, Z.; Qiu, S.; Hu, J.; Li, C.; Liu, X.; Liang, G.; Brabec, C.J.; Mai, Y.; Guo, F. 2D-3D heterostructure enables scalable coating of efficient low-bandgap Sn–Pb mixed perovskite solar cells. Nano Energy 2019, 66, 104099. [Google Scholar] [CrossRef]

	



Wang, Z.; Zeng, L.; Zhang, C.; Lu, Y.; Qiu, S.; Wang, C.; Liu, C.; Pan, L.; Wu, S.; Hu, J.; et al. Rational Interface Design and Morphology Control for Blade-Coating Efficient Flexible Perovskite Solar Cells with a Record Fill Factor of 81%. Adv. Funct. Mater. 2020, 30, 2001240. [Google Scholar] [CrossRef]

	



Available online: https://www.solaronix.com/news/solaronix-achieves-major-breakthrough-toward-perovskite-solar-cell-industrialization (accessed on 11 July 2016).

	



Available online: https://www.perovskite-info.com/microquanta-reaches-17.9-perovskite-solar-mini-module (accessed on 2 July 2018).

	



Guo, F.; Qiu, S.; Hu, J.; Wang, H.; Cai, B.; Li, J.; Yuan, X.; Liu, X.; Forberich, K.; Brabec, C.; et al. A Generalized Crystallization Protocol for Scalable Deposition of High-Quality Perovskite Thin Films for Photovoltaic Applications. Adv. Sci. 2019, 6, 1901067. [Google Scholar] [CrossRef]

	



Mer, V.K.L. Nucleation in Phase Transitions. Ind. Eng. Chem. 1952, 44, 1270–1277. [Google Scholar] [CrossRef]

	



Lee, J.W.; Lee, D.K.; Jeong, D.N.; Park, N.G. Control of Crystal Growth toward Scalable Fabrication of Perovskite Solar Cells. Adv. Funct. Mater. 2019, 29, 1807047. [Google Scholar] [CrossRef]

	



Kurasov, V.B. Theoretical justification of the von Weimarn law under homogeneous condensation in the free-molecular regime. Tech. Phys. Lett. 2016, 42, 772–774. [Google Scholar] [CrossRef]

	



Barlow, D.A.; Baird, J.K.; Su, C.H. Theory of the von Weimarn rules governing the average size of crystals precipitated from a supersaturated solution. J. Cryst. Growth 2004, 264, 417–423. [Google Scholar] [CrossRef]

	



Baird, J.K.; Hill, S.C.; Clunie, J.C. Kinetics of protein crystal nucleation and growth in the batch method. J. Cryst. Growth 1999, 196, 220–225. [Google Scholar] [CrossRef]

	



Liu, D.; Zhou, W.; Tang, H.; Fu, P.; Ning, Z. Supersaturation controlled growth of MAFAPbI3 perovskite film for high efficiency solar cells. Sci. China Chem. 2018, 61, 1278–1284. [Google Scholar] [CrossRef]

	



Ostwald, W. Ostwald rippening. coarsening. Z. Phy. Chem. 1900, 34, 495. [Google Scholar]

	



Sugimoto, T. Preparation of Monodispersed Colloid Particles. Adv. Colloid Interface Sci. 1987, 28, 65–108. [Google Scholar] [CrossRef]

	



Geng, J.; Jiang, L.; Zhu, J. Crystal formation and growth mechanism of inorganic nanomaterials in sonochemical syntheses. Sci. China Chem. 2012, 55, 2292–2310. [Google Scholar] [CrossRef]

	



Thanh, N.T.K.; Maclean, N.; Mahiddine, S. Mechanisms of Nucleation and Growth of Nanoparticles in Solution. Chem. Rev. 2014, 114, 7610–7630. [Google Scholar] [CrossRef]

	



Yang, M.; Zhang, T.; Schulz, P.; Li, Z.; Li, G.; Kim, D.H.; Guo, N.; Berry, J.J.; Zhu, K.; Zhao, Y. Facile fabrication of large-grain CH3NH3PbI3-xBrx films for high-efficiency solar cells via CH3NH3Br-selective Ostwald ripening. Nat. Commun. 2016, 7, 12305. [Google Scholar] [CrossRef]

	



Pham, N.D.; Tiong, V.T.; Yao, D.; Martens, W.; Guerrero, A.; Bisquert, J.; Wang, H. Guanidinium thiocyanate selective Ostwald ripening induced large grain for high performance perovskite solar cells. Nano Energy 2017, 41, 476–487. [Google Scholar] [CrossRef]

	



Denny Kamaruddin, H.; Koros, W.J. Some observations about the application of Fick’s first law for membrane separation of multicomponent mixtures. J. Membr. Sci. 1997, 135, 147–159. [Google Scholar] [CrossRef]

	



Liu, L.; Bai, Y.; Zhang, X.; Shang, Y.; Wang, C.; Wang, H.; Zhu, C.; Hu, C.; Wu, J.; Zhou, H.; et al. Cation Diffusion Guides Hybrid Halide Perovskite Crystallization during the Gel Stage. Angew. Chem. Intl. Ed. 2020, 59, 5979–5987. [Google Scholar] [CrossRef]

	



Strey, R.; Wagner, P.E.; Viisanen, Y. The Problem of Measuring Homogeneous Nucleation Rates and the Molecular Contents of Nuclei: Progress in the Form of Nucleation Pulse Measurements. J. Phys. Chem. 1994, 98, 7748–7758. [Google Scholar] [CrossRef]

	



Puntes, V.F.; Zanchet, D.; Erdonmez, C.K.; Alivisatos, A.P. Synthesis of hcp-Co Nanodisks. J. Am. Chem. Soc. 2002, 124, 12874–12880. [Google Scholar] [CrossRef]

	



Kwon, S.G.; Hyeon, T. Formation Mechanisms of Uniform Nanocrystals via Hot-Injection and Heat-Up Methods. Small 2011, 7, 2685–2702. [Google Scholar] [CrossRef] [PubMed]

	



Sept, D.; Tuszynski, J.A. Inhomogeneous nucleation in first-order phase transitions. Phys. Rev. E Stat Phys. Plasmas Fluids Relat. Interdiscip. Topics 1994, 50, 4906–4910. [Google Scholar] [CrossRef] [PubMed]

	



Dudarev, S.L. Inhomogeneous nucleation and growth of cavities in irradiated materials. Phys. Rev. B 2000, 62, 9325–9337. [Google Scholar] [CrossRef]

	



Bi, C.; Wang, Q.; Shao, Y.; Yuan, Y.; Xiao, Z.; Huang, J. Non-wetting surface-driven high-aspect-ratio crystalline grain growth for efficient hybrid perovskite solar cells. Nat. Commun. 2015, 6, 7747. [Google Scholar] [CrossRef]

	



Chen, Z.; Dong, Q.; Liu, Y.; Bao, C.; Fang, Y.; Lin, Y.; Tang, S.; Wang, Q.; Xiao, X.; Bai, Y.; et al. Thin single crystal perovskite solar cells to harvest below-bandgap light absorption. Nat. Commun. 2017, 8, 1890. [Google Scholar] [CrossRef]

	



Jeon, N.J.; Noh, J.H.; Kim, Y.C.; Yang, W.S.; Ryu, S.; Seok, S.I. Solvent engineering for high-performance inorganic-organic hybrid perovskite solar cells. Nat. Mater. 2014, 13, 897–903. [Google Scholar] [CrossRef]

	



Emrul Kayesh, M.; Matsuishi, K.; Chowdhury, T.H.; Kaneko, R.; Lee, J.-J.; Noda, T.; Islam, A. Influence of anti-solvents on CH3NH3PbI3 films surface morphology for fabricating efficient and stable inverted planar perovskite solar cells. Thin Solid Films 2018, 663, 105–115. [Google Scholar] [CrossRef]

	



Xiao, M.; Huang, F.; Huang, W.; Dkhissi, Y.; Zhu, Y.; Etheridge, J.; Gray-Weale, A.; Bach, U.; Cheng, Y.B.; Spiccia, L. A fast deposition-crystallization procedure for highly efficient lead iodide perovskite thin-film solar cells. Angew. Chem. Int. Ed. Engl. 2014, 53, 9898–9903. [Google Scholar] [CrossRef]

	



Singh, M.; Ng, A.; Ren, Z.; Hu, H.; Lin, H.-C.; Chu, C.-W.; Li, G. Facile synthesis of composite tin oxide nanostructures for high-performance planar perovskite solar cells. Nano Energy 2019, 60, 275–284. [Google Scholar] [CrossRef]

	



Yu, Y.; Yang, S.; Lei, L.; Cao, Q.; Shao, J.; Zhang, S.; Liu, Y. Ultrasmooth Perovskite Film via Mixed Anti-Solvent Strategy with Improved Efficiency. ACS Appl. Mater. Interfaces 2017, 9, 3667–3676. [Google Scholar] [CrossRef] [PubMed]

	



Yin, M.; Xie, F.; Chen, H.; Yang, X.; Ye, F.; Bi, E.; Wu, Y.; Cai, M.; Han, L. Annealing-free perovskite films by instant crystallization for efficient solar cells. J. Mater. Chem. A 2016, 4, 8548–8553. [Google Scholar] [CrossRef]

	



Eperon, G.E.; Leijtens, T.; Bush, K.A.; Prasanna, R.; Green, T.; Wang, J.T.; McMeekin, D.P.; Volonakis, G.; Milot, R.L.; May, R.; et al. Perovskite-perovskite tandem photovoltaics with optimized band gaps. Science 2016, 354, 861–865. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Yang, M.; Wu, W.; Vasiliev, A.L.; Zhu, K.; Padture, N.P. Room-temperature crystallization of hybrid-perovskite thin films via solvent–solvent extraction for high-performance solar cells. J. Mater. Chem. A 2015, 3, 8178–8184. [Google Scholar] [CrossRef]

	



Chen, J.; Ren, J.; Li, Z.; Wang, H.; Hao, Y. Mixed antisolvents assisted treatment of perovskite for photovoltaic device efficiency enhancement. Org. Electron. 2018, 56, 59–67. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, X.; Deng, L.-L.; Leng, S.; Guo, X.; Tan, C.-H.; Choy, W.C.H.; Chen, C.-C. The mechanism of universal green antisolvents for intermediate phase controlled high-efficiency formamidinium-based perovskite solar cells. Mater. Horiz. 2020, 7, 934–942. [Google Scholar] [CrossRef]

	



Bu, T.; Wu, L.; Liu, X.; Yang, X.; Zhou, P.; Yu, X.; Qin, T.; Shi, J.; Wang, S.; Li, S.; et al. Solar Cells: Synergic Interface Optimization with Green Solvent Engineering in Mixed Perovskite Solar Cells. Adv. Energy Mater. 2017, 7, 1700576. [Google Scholar] [CrossRef]

	



Ye, J.; Zhang, X.; Zhu, L.; Zheng, H.; Liu, G.; Wang, H.; Hayat, T.; Pan, X.; Dai, S. Enhanced morphology and stability of high-performance perovskite solar cells with ultra-smooth surface and high fill factor via crystal growth engineering. Sustain. Energy Fuels 2017, 1, 907–914. [Google Scholar] [CrossRef]

	



Kim, J.; Yun, J.S.; Cho, Y.; Lee, D.S.; Wilkinson, B.; Soufiani, A.M.; Deng, X.; Zheng, J.; Shi, A.; Lim, S.; et al. Overcoming the Challenges of Large-Area High-Efficiency Perovskite Solar Cells. ACS Energy Lett. 2017, 2, 1978–1984. [Google Scholar] [CrossRef]

	



Sun, S.; Salim, T.; Mathews, N.; Duchamp, M.; Boothroyd, C.; Xing, G.; Sum, T.C.; Lam, Y.M. The origin of high efficiency in low-temperature solution-processable bilayer organometal halide hybrid solar cells. Energy Environ. Sci. 2014, 7, 399–407. [Google Scholar] [CrossRef]

	



Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.K.; Grätzel, M. Sequential deposition as a route to high-performance perovskite-sensitized solar cells. Nature 2013, 499, 316–319. [Google Scholar] [CrossRef] [PubMed]

	



Marchioro, A.; Teuscher, J.; Friedrich, D.; Kunst, M.; van de Krol, R.; Moehl, T.; Grätzel, M.; Moser, J.-E. Unravelling the mechanism of photoinduced charge transfer processes in lead iodide perovskite solar cells. Nat. Photonics 2014, 8, 250–255. [Google Scholar] [CrossRef]

	



Kim, M.; Kim, G.-H.; Oh, K.S.; Jo, Y.; Yoon, H.; Kim, K.-H.; Lee, H.; Kim, J.Y.; Kim, D.S. High-Temperature–Short-Time Annealing Process for High-Performance Large-Area Perovskite Solar Cells. ACS Nano 2017, 11, 6057–6064. [Google Scholar] [CrossRef] [PubMed]

	



Nie, W.; Tsai, H.; Asadpour, R.; Blancon, J.C.; Neukirch, A.J.; Gupta, G.; Crochet, J.J.; Chhowalla, M.; Tretiak, S.; Alam, M.A.; et al. High-efficiency solution-processed perovskite solar cells with millimeter-scale grains. Science 2015, 347, 522–525. [Google Scholar] [CrossRef] [PubMed]

	



Back, H.; Kim, J.; Kim, G.; Kyun Kim, T.; Kang, H.; Kong, J.; Ho Lee, S.; Lee, K. Interfacial modification of hole transport layers for efficient large-area perovskite solar cells achieved via blade-coating. Sol. Energy Mater. Sol. Cells 2016, 144, 309–315. [Google Scholar] [CrossRef]

	



Deng, Y.; Zheng, X.; Bai, Y.; Wang, Q.; Zhao, J.; Huang, J. Surfactant-controlled ink drying enables high-speed deposition of perovskite films for efficient photovoltaic modules. Nat. Energy 2018, 3, 560–566. [Google Scholar] [CrossRef]

	



Deng, Y.; Peng, E.; Shao, Y.; Xiao, Z.; Dong, Q.; Huang, J. Scalable fabrication of efficient organolead trihalide perovskite solar cells with doctor-bladed active layers. Energy Environ. Sci. 2015, 8, 1544–1550. [Google Scholar] [CrossRef]

	



Yang, Z.; Chueh, C.-C.; Zuo, F.; Kim, J.H.; Liang, P.-W.; Jen, A.K.-Y. High-Performance Fully Printable Perovskite Solar Cells via Blade-Coating Technique under the Ambient Condition. Adv. Energy Mater. 2015, 5, 1500328. [Google Scholar] [CrossRef]

	



Zhong, Y.; Munir, R.; Li, J.; Tang, M.-C.; Niazi, M.R.; Smilgies, D.-M.; Zhao, K.; Amassian, A. Blade-Coated Hybrid Perovskite Solar Cells with Efficiency > 17%: An In Situ Investigation. ACS Energy Lett. 2018, 3, 1078–1085. [Google Scholar] [CrossRef]

	



Tang, S.; Deng, Y.; Zheng, X.; Bai, Y.; Fang, Y.; Dong, Q.; Wei, H.; Huang, J. Composition Engineering in Doctor-Blading of Perovskite Solar Cells. Adv. Energy Mater. 2017, 7, 1700302. [Google Scholar] [CrossRef]

	



Li, J.; Munir, R.; Fan, Y.; Niu, T.; Liu, Y.; Zhong, Y.; Yang, Z.; Tian, Y.; Liu, B.; Sun, J.; et al. Phase Transition Control for High-Performance Blade-Coated Perovskite Solar Cells. Joule 2018, 2, 1313–1330. [Google Scholar] [CrossRef]

	



Parvazian, E.; Abdollah-zadeh, A.; Akbari, H.R.; Taghavinia, N. Fabrication of perovskite solar cells based on vacuum-assisted linear meniscus printing of MAPbI3. Sol. Energy Mater. Sol. Cells 2019, 191, 148–156. [Google Scholar] [CrossRef]

	



Huang, F.; Dkhissi, Y.; Huang, W.; Xiao, M.; Benesperi, I.; Rubanov, S.; Zhu, Y.; Lin, X.; Jiang, L.; Zhou, Y.; et al. Gas-assisted preparation of lead iodide perovskite films consisting of a monolayer of single crystalline grains for high efficiency planar solar cells. Nano Energy 2014, 10, 10–18. [Google Scholar] [CrossRef]

	



Zhang, F.; Wang, Z.; Zhu, H.; Pellet, N.; Luo, J.; Yi, C.; Liu, X.; Liu, H.; Wang, S.; Li, X.; et al. Over 20% PCE perovskite solar cells with superior stability achieved by novel and low-cost hole-transporting materials. Nano Energy 2017, 41, 469–475. [Google Scholar] [CrossRef]

	



Ding, B.; Li, Y.; Huang, S.-Y.; Chu, Q.-Q.; Li, C.-X.; Li, C.-J.; Yang, G.-J. Material nucleation/growth competition tuning towards highly reproducible planar perovskite solar cells with efficiency exceeding 20%. J. Mater. Chem. A 2017, 5, 6840–6848. [Google Scholar] [CrossRef]

	



Gao, L.-L.; Li, C.-X.; Li, C.-J.; Yang, G.-J. Large-area high-efficiency perovskite solar cells based on perovskite films dried by the multi-flow air knife method in air. J. Mater. Chem. A 2017, 5, 1548–1557. [Google Scholar] [CrossRef]

	



Zhang, M.; Yu, H.; Yun, J.-H.; Lyu, M.; Wang, Q.; Wang, L. Facile preparation of smooth perovskite films for efficient meso/planar hybrid structured perovskite solar cells. Chem. Commun. 2015, 51, 10038–10041. [Google Scholar] [CrossRef]

	



Hwang, K.; Jung, Y.-S.; Heo, Y.-J.; Scholes, F.H.; Watkins, S.E.; Subbiah, J.; Jones, D.J.; Kim, D.-Y.; Vak, D. Toward Large Scale Roll-to-Roll Production of Fully Printed Perovskite Solar Cells. Adv. Mater. 2015, 27, 1241–1247. [Google Scholar] [CrossRef]

	



Hu, H.; Ren, Z.; Fong, P.W.K.; Qin, M.; Liu, D.; Lei, D.; Lu, X.; Li, G. Room-Temperature Meniscus Coating of >20% Perovskite Solar Cells: A Film Formation Mechanism Investigation. Adv. Funct. Mater. 2019, 29, 1900092. [Google Scholar] [CrossRef]

	



Soe, C.M.; Stoumpos, C.C.; Harutyunyan, B.; Manley, E.F.; Chen, L.X.; Bedzyk, M.J.; Marks, T.J.; Kanatzidis, M.G. Room Temperature Phase Transition in Methylammonium Lead Iodide Perovskite Thin Films Induced by Hydrohalic Acid Additives. ChemSusChem 2016, 9, 2656–2665. [Google Scholar] [CrossRef]

	



Stoumpos, C.C.; Kanatzidis, M.G. The Renaissance of Halide Perovskites and Their Evolution as Emerging Semiconductors. Acc. Chem. Res. 2015, 48, 2791–2802. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Zhang, T.; Guo, N.; Xu, F.; Qian, X.; Zhao, Y. Ion-Exchange-Induced 2D-3D Conversion of HMA(1-x) FA(x) PbI(3)Cl Perovskite into a High-Quality MA(1-x) FA(x) PbI(3) Perovskite. Angew. Chem. Int. Ed. Engl. 2016, 55, 13460–13464. [Google Scholar] [CrossRef]

	



Nayak, P.K.; Moore, D.T.; Wenger, B.; Nayak, S.; Haghighirad, A.A.; Fineberg, A.; Noel, N.K.; Reid, O.G.; Rumbles, G.; Kukura, P.; et al. Mechanism for rapid growth of organic-inorganic halide perovskite crystals. Nat. Commun. 2016, 7, 13303. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhu, K. CH3NH3Cl-Assisted One-Step Solution Growth of CH3NH3PbI3: Structure, Charge-Carrier Dynamics, and Photovoltaic Properties of Perovskite Solar Cells. J. Phys. Chem. C 2014, 118, 9412–9418. [Google Scholar] [CrossRef]

	



Zuo, C.; Ding, L. An 80.11% FF record achieved for perovskite solar cells by using the NH4Cl additive. Nanoscale 2014, 6, 9935–9938. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Zhao, Y.; Liang, Z. Non-Thermal Annealing Fabrication of Efficient Planar Perovskite Solar Cells with inclusion of NH4Cl. Chem. Mater. 2015, 27, 1448–1451. [Google Scholar] [CrossRef]

	



Ke, W.; Xiao, C.; Wang, C.; Saparov, B.; Duan, H.-S.; Zhao, D.; Xiao, Z.; Schulz, P.; Harvey, S.P.; Liao, W.; et al. Employing Lead Thiocyanate Additive to Reduce the Hysteresis and Boost the Fill Factor of Planar Perovskite Solar Cells. Adv. Mater. 2016, 28, 5214–5221. [Google Scholar] [CrossRef]

	



Liu, Z.; Ono, L.K.; Qi, Y. Additives in metal halide perovskite films and their applications in solar cells. J. Energy Chem. 2020, 46, 215–228. [Google Scholar] [CrossRef]

	



Boopathi, K.M.; Mohan, R.; Huang, T.-Y.; Budiawan, W.; Lin, M.-Y.; Lee, C.-H.; Ho, K.-C.; Chu, C.-W. Synergistic improvements in stability and performance of lead iodide perovskite solar cells incorporating salt additives. J. Mater. Chem. A 2016, 4, 1591–1597. [Google Scholar] [CrossRef]

	



Niu, G.; Guo, X.; Wang, L. Review of recent progress in chemical stability of perovskite solar cells. J. Mater. Chem. A 2015, 3, 8970–8980. [Google Scholar] [CrossRef]

	



Huang, J.; Tan, S.; Lund, P.D.; Zhou, H. Impact of H2O on organic–inorganic hybrid perovskite solar cells. Energy Environ. Sci. 2017, 10, 2284–2311. [Google Scholar] [CrossRef]

	



Chiang, C.-H.; Nazeeruddin, M.K.; Gratzel, M.; Wu, C.-G. The synergistic effect of H2O and DMF towards stable and 20% efficiency inverted perovskite solar cells. Energy Environ. Sci. 2017, 10, 808–817. [Google Scholar] [CrossRef]

	



Ahn, N.; Son, D.Y.; Jang, I.H.; Kang, S.M.; Choi, M.; Park, N.G. Highly Reproducible Perovskite Solar Cells with Average Efficiency of 18.3% and Best Efficiency of 19.7% Fabricated via Lewis Base Adduct of Lead(II) Iodide. J. Am. Chem. Soc. 2015, 137, 8696–8699. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.W.; Kim, H.S.; Park, N.G. Lewis Acid-Base Adduct Approach for High Efficiency Perovskite Solar Cells. Acc. Chem. Res. 2016, 49, 311–319. [Google Scholar] [CrossRef]

	



Son, D.-Y.; Lee, J.-W.; Choi, Y.J.; Jang, I.-H.; Lee, S.; Yoo, P.J.; Shin, H.; Ahn, N.; Choi, M.; Kim, D.; et al. Self-formed grain boundary healing layer for highly efficient CH3NH3PbI3 perovskite solar cells. Nat. Energy 2016, 1, 16081. [Google Scholar] [CrossRef]

	



Lin, Y.; Shen, L.; Dai, J.; Deng, Y.; Wu, Y.; Bai, Y.; Zheng, X.; Wang, J.; Fang, Y.; Wei, H.; et al. π-Conjugated Lewis Base: Efficient Trap-Passivation and Charge-Extraction for Hybrid Perovskite Solar Cells. Adv. Mater. 2017, 29, 1604545. [Google Scholar] [CrossRef]

	



Lee, J.W.; Dai, Z.; Lee, C.; Lee, H.M.; Han, T.H.; De Marco, N.; Lin, O.; Choi, C.S.; Dunn, B.; Koh, J.; et al. Tuning Molecular Interactions for Highly Reproducible and Efficient Formamidinium Perovskite Solar Cells via Adduct Approach. J. Am. Chem. Soc. 2018, 140, 6317–6324. [Google Scholar] [CrossRef]

	



Liang, P.W.; Liao, C.Y.; Chueh, C.C.; Zuo, F.; Williams, S.T.; Xin, X.K.; Lin, J.; Jen, A.K. Additive enhanced crystallization of solution-processed perovskite for highly efficient planar-heterojunction solar cells. Adv. Mater. 2014, 26, 3748–3754. [Google Scholar] [CrossRef]

	



Jeon, Y.J.; Lee, S.; Kang, R.; Kim, J.E.; Yeo, J.S.; Lee, S.H.; Kim, S.S.; Yun, J.M.; Kim, D.Y. Planar heterojunction perovskite solar cells with superior reproducibility. Sci. Rep. 2014, 4, 6953. [Google Scholar] [CrossRef]

	



Lee, J.-W.; Bae, S.-H.; Hsieh, Y.-T.; De Marco, N.; Wang, M.; Sun, P.; Yang, Y. A Bifunctional Lewis Base Additive for Microscopic Homogeneity in Perovskite Solar Cells. Chem 2017, 3, 290–302. [Google Scholar] [CrossRef]

	



Pham, N.D.; Tiong, V.T.; Chen, P.; Wang, L.; Wilson, G.J.; Bell, J.; Wang, H. Enhanced perovskite electronic properties via a modified lead(ii) chloride Lewis acid–base adduct and their effect in high-efficiency perovskite solar cells. J. Mater. Chem. A 2017, 5, 5195–5203. [Google Scholar] [CrossRef]

	



Wu, Y.; Islam, A.; Yang, X.; Qin, C.; Liu, J.; Zhang, K.; Peng, W.; Han, L. Retarding the crystallization of PbI2 for highly reproducible planar-structured perovskite solar cells via sequential deposition. Energy Environ. Science 2014, 7, 2934–2938. [Google Scholar] [CrossRef]

	



Yang, W.S.; Noh, J.H.; Jeon, N.J.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. SOLAR CELLS. High-performance photovoltaic perovskite layers fabricated through intramolecular exchange. Science 2015, 348, 1234–1237. [Google Scholar] [CrossRef] [PubMed]

	



Noel, N.K.; Abate, A.; Stranks, S.D.; Parrott, E.S.; Burlakov, V.M.; Goriely, A.; Snaith, H.J. Enhanced photoluminescence and solar cell performance via Lewis base passivation of organic-inorganic lead halide perovskites. ACS Nano 2014, 8, 9815–9821. [Google Scholar] [CrossRef]

	



Zhang, H.; Cheng, J.; Li, D.; Lin, F.; Mao, J.; Liang, C.; Jen, A.K.; Grätzel, M.; Choy, W.C. Toward All Room-Temperature, Solution-Processed, High-Performance Planar Perovskite Solar Cells: A New Scheme of Pyridine-Promoted Perovskite Formation. Adv. Mater. 2017, 29, 1604695. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, L.; Guo, H.; deQuilettes, D.W.; Jariwala, S.; De Marco, N.; Dong, S.; DeBlock, R.; Ginger, D.S.; Dunn, B.; Wang, M.; et al. Polymer-modified halide perovskite films for efficient and stable planar heterojunction solar cells. Sci. Adv. 2017, 3, 1700106. [Google Scholar] [CrossRef]

	



Bi, D.; Yi, C.; Luo, J.; Décoppet, J.-D.; Zhang, F.; Zakeeruddin, S.M.; Li, X.; Hagfeldt, A.; Grätzel, M. Polymer-templated nucleation and crystal growth of perovskite films for solar cells with efficiency greater than 21%. Nat. Energy 2016, 1, 16142. [Google Scholar] [CrossRef]

	



Cacciuto, A.; Auer, S.; Frenkel, D. Onset of heterogeneous crystal nucleation in colloidal suspensions. Nature 2004, 428, 404–406. [Google Scholar] [CrossRef] [PubMed]

	



Auer, S.; Frenkel, D. Suppression of crystal nucleation in polydisperse colloids due to increase of the surface free energy. Nature 2001, 413, 711–713. [Google Scholar] [CrossRef] [PubMed]

	



Qin, P.L.; Yang, G.; Ren, Z.W.; Cheung, S.H.; So, S.K.; Chen, L.; Hao, J.; Hou, J.; Li, G. Stable and Efficient Organo-Metal Halide Hybrid Perovskite Solar Cells via π-Conjugated Lewis Base Polymer Induced Trap Passivation and Charge Extraction. Adv. Mater. 2018, 30, 1706126. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Wang, Q.; Jin, Z.; Zhang, X.; Lei, J.; Bin, H.; Zhang, Z.-G.; Li, Y.; Liu, S. Polymer Doping for High-Efficiency Perovskite Solar Cells with Improved Moisture Stability. Adv. Energy Mater. 2018, 8, 1701757. [Google Scholar] [CrossRef]

	



Zhang, C.-C.; Li, M.; Wang, Z.-K.; Jiang, Y.-R.; Liu, H.-R.; Yang, Y.-G.; Gao, X.-Y.; Ma, H. Passivated perovskite crystallization and stability in organic–inorganic halide solar cells by doping a donor polymer. J. Mater. Chem. A 2017, 5, 2572–2579. [Google Scholar] [CrossRef]

	



Zhao, Y.; Wei, J.; Li, H.; Yan, Y.; Zhou, W.; Yu, D.; Zhao, Q. A polymer scaffold for self-healing perovskite solar cells. Nat. Commun. 2016, 7, 10228. [Google Scholar] [CrossRef]

	



Wei, Q.; Yang, D.; Yang, Z.; Ren, X.; Liu, Y.; Feng, J.; Zhu, X.; Liu, S. Effective solvent-additive enhanced crystallization and coverage of absorber layers for high-efficiency formamidinium perovskite solar cells. RSC Adv. 2016, 6, 56807–56811. [Google Scholar] [CrossRef]

	



Guo, X.; Zhou, N.; Lou, S.J.; Smith, J.; Tice, D.B.; Hennek, J.W.; Ortiz, R.P.; Navarrete, J.T.L.; Li, S.; Strzalka, J.; et al. Polymer solar cells with enhanced fill factors. Nat. Photonics 2013, 7, 825–833. [Google Scholar] [CrossRef]

	



Sun, Y.; Welch, G.C.; Leong, W.L.; Takacs, C.J.; Bazan, G.C.; Heeger, A.J. Solution-processed small-molecule solar cells with 6.7% efficiency. Nat. Mater. 2011, 11, 44–48. [Google Scholar] [CrossRef]

	



Eperon, G.E.; Stranks, S.D.; Menelaou, C.; Johnston, M.B.; Herz, L.M.; Snaith, H.J. Formamidinium lead trihalide: A broadly tunable perovskite for efficient planar heterojunction solar cells. Energy Environ. Sci. 2014, 7, 982–988. [Google Scholar] [CrossRef]

	



McMeekin, D.P.; Wang, Z.; Rehman, W.; Pulvirenti, F.; Patel, J.B.; Noel, N.K.; Johnston, M.B.; Marder, S.R.; Herz, L.M.; Snaith, H.J. Crystallization Kinetics and Morphology Control of Formamidinium-Cesium Mixed-Cation Lead Mixed-Halide Perovskite via Tunability of the Colloidal Precursor Solution. Adv. Mater. 2017, 29, 1607039. [Google Scholar] [CrossRef] [PubMed]

	



Yan, K.; Long, M.; Zhang, T.; Wei, Z.; Chen, H.; Yang, S.; Xu, J. Hybrid halide perovskite solar cell precursors: Colloidal chemistry and coordination engineering behind device processing for high efficiency. J. Am. Chem. Soc. 2015, 137, 4460–4468. [Google Scholar] [CrossRef]

	



Xiao, Z.; Dong, Q.; Bi, C.; Shao, Y.; Yuan, Y.; Huang, J. Solvent Annealing of Perovskite-Induced Crystal Growth for Photovoltaic-Device Efficiency Enhancement. Adv. Mater. 2014, 26, 6503–6509. [Google Scholar] [CrossRef]

	



Xiao, S.; Bai, Y.; Meng, X.; Zhang, T.; Chen, H.; Zheng, X.; Hu, C.; Qu, Y.; Yang, S. Unveiling a Key Intermediate in Solvent Vapor Postannealing to Enlarge Crystalline Domains of Organometal Halide Perovskite Films. Adv. Funct. Mater. 2017, 27, 1604944. [Google Scholar] [CrossRef]

	



Cao, X.; Zhi, L.; Li, Y.; Fang, F.; Cui, X.; Ci, L.; Ding, K.; Wei, J. Fabrication of Perovskite Films with Large Columnar Grains via Solvent-Mediated Ostwald Ripening for Efficient Inverted Perovskite Solar Cells. ACS Appl. Energy Mater. 2018, 1, 868–875. [Google Scholar] [CrossRef]

	



Liu, C.; Wang, K.; Yi, C.; Shi, X.; Smith, A.W.; Gong, X.; Heeger, A.J. Efficient Perovskite Hybrid Photovoltaics via Alcohol-Vapor Annealing Treatment. Adv. Funct. Mater. 2016, 26, 101–110. [Google Scholar] [CrossRef]

	



Yang, M.; Zhou, Y.; Zeng, Y.; Jiang, C.S.; Padture, N.P.; Zhu, K. Square-Centimeter Solution-Processed Planar CH3NH3PbI3 Perovskite Solar Cells with Efficiency Exceeding 15%. Adv. Mater. 2015, 27, 6363–6370. [Google Scholar] [CrossRef]

	



Im, J.H.; Jang, I.H.; Pellet, N.; Grätzel, M.; Park, N.G. Growth of CH3NH3PbI3 cuboids with controlled size for high-efficiency perovskite solar cells. Nat. Nanotechnol. 2014, 9, 927–932. [Google Scholar] [CrossRef]

	



Du, T.; Burgess, C.H.; Kim, J.; Zhang, J.; Durrant, J.R.; McLachlan, M.A. Formation, location and beneficial role of PbI2 in lead halide perovskite solar cells. Sustain. Energy Fuels 2017, 1, 119–126. [Google Scholar] [CrossRef]

	



Kim, Y.C.; Jeon, N.J.; Noh, J.H.; Yang, W.S.; Seo, J.; Yun, J.S.; Ho-Baillie, A.; Huang, S.; Green, M.A.; Seidel, J.; et al. Beneficial Effects of PbI2 Incorporated in Organo-Lead Halide Perovskite Solar Cells. Adv. Energy Mater. 2016, 6, 1502104. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhou, H.; Song, T.B.; Luo, S.; Hong, Z.; Duan, H.S.; Dou, L.; Liu, Y.; Yang, Y. Controllable self-induced passivation of hybrid lead iodide perovskites toward high performance solar cells. Nano Lett. 2014, 14, 4158–4163. [Google Scholar] [CrossRef]

	



Lee, Y.H.; Luo, J.; Humphry-Baker, R.; Gao, P.; Grätzel, M.; Nazeeruddin, M.K. Unraveling the Reasons for Efficiency Loss in Perovskite Solar Cells. Adv. Funct. Mater. 2015, 25, 3925–3933. [Google Scholar] [CrossRef]

	



Yang, M.; Li, Z.; Reese, M.O.; Reid, O.G.; Kim, D.H.; Siol, S.; Klein, T.R.; Yan, Y.; Berry, J.J.; van Hest, M.F.A.M.; et al. Perovskite ink with wide processing window for scalable high-efficiency solar cells. Nat. Energy 2017, 2, 17038. [Google Scholar] [CrossRef]

	



Kim, J.H.; Williams, S.T.; Cho, N.; Chueh, C.-C.; Jen, A.K.-Y. Enhanced Environmental Stability of Planar Heterojunction Perovskite Solar Cells Based on Blade-Coating. Adv. Energy Mater. 2015, 5, 1401229. [Google Scholar] [CrossRef]

	



Qiu, S.; Xu, X.; Zeng, L.; Wang, Z.; Chen, Y.; Zhang, C.; Li, C.; Hu, J.; Shi, T.; Mai, Y.; et al. Biopolymer passivation for high-performance perovskite solar cells by blade coating. J. Energy Chem. 2020, 54, 45–52. [Google Scholar] [CrossRef]

	



Hu, J.; Wang, C.; Qiu, S.; Zhao, Y.; Gu, E.; Zeng, L.; Yang, Y.; Li, C.; Liu, X.; Forberich, K.; et al. Spontaneously Self-Assembly of a 2D/3D Heterostructure Enhances the Efficiency and Stability in Printed Perovskite Solar Cells. Adv. Energy Mater. 2020, 10, 2000173. [Google Scholar] [CrossRef]

	



Li, C.; Yin, J.; Chen, R.; Lv, X.; Feng, X.; Wu, Y.; Cao, J. Monoammonium Porphyrin for Blade-Coating Stable Large-Area Perovskite Solar Cells with >18% Efficiency. J. Am. Chem. Soc. 2019, 141, 6345–6351. [Google Scholar] [CrossRef] [PubMed]

	



Sandström, A.; Dam, H.F.; Krebs, F.C.; Edman, L. Ambient fabrication of flexible and large-area organic light-emitting devices using slot-die coating. Nat. Commun. 2012, 3, 1002. [Google Scholar] [CrossRef]

	



Cotella, G.; Baker, J.; Worsley, D.; De Rossi, F.; Pleydell-Pearce, C.; Carnie, M.; Watson, T. One-step deposition by slot-die coating of mixed lead halide perovskite for photovoltaic applications. Sol. Energy Mater. Sol. Cells 2017, 159, 362–369. [Google Scholar] [CrossRef]

	



Zuo, C.; Vak, D.; Angmo, D.; Ding, L.; Gao, M. One-step roll-to-roll air processed high efficiency perovskite solar cells. Nano Energy 2018, 46, 185–192. [Google Scholar] [CrossRef]

	



Ciro, J.; Mejía-Escobar, M.A.; Jaramillo, F. Slot-die processing of flexible perovskite solar cells in ambient conditions. Sol. Energy 2017, 150, 570–576. [Google Scholar] [CrossRef]

	



Qin, T.; Huang, W.; Kim, J.-E.; Vak, D.; Forsyth, C.; McNeill, C.R.; Cheng, Y.-B. Amorphous hole-transporting layer in slot-die coated perovskite solar cells. Nano Energy 2017, 31, 210–217. [Google Scholar] [CrossRef]

	



Giacomo, F.D.; Shanmugam, S.; Fledderus, H.; Bruijnaers, B.J.; Verhees, W.J.H.; Dorenkamper, M.S.; Veenstra, S.C.; Qiu, W.; Gehlhaar, R.; Merckx, T. Up-scalable sheet-to-sheet production of high efficiency perovskite module and solar cells on 6-in. substrate using slot die coating. Sol. Energy Mater. Sol. Cells 2018, 181, 53–59. [Google Scholar] [CrossRef]

	



Kim, J.-E.; Jung, Y.-S.; Heo, Y.-J.; Hwang, K.; Qin, T.; Kim, D.-Y.; Vak, D. Slot die coated planar perovskite solar cells via blowing and heating assisted one step deposition. Sol. Energy Mater. Sol. Cells 2018, 179, 80–86. [Google Scholar] [CrossRef]

	



Lee, D.; Jung, Y.-S.; Heo, Y.-J.; Lee, S.; Hwang, K.; Jeon, Y.-J.; Kim, J.-E.; Park, J.; Jung, G.Y.; Kim, D.-Y. Slot-Die Coated Perovskite Films Using Mixed Lead Precursors for Highly Reproducible and Large-Area Solar Cells. ACS Appl. Mater. Interfaces 2018, 10, 16133–16139. [Google Scholar] [CrossRef] [PubMed]

	



Galagan, Y.; Di Giacomo, F.; Gorter, H.; Kirchner, G.; de Vries, I.; Andriessen, R.; Groen, P. Roll-to-Roll Slot Die Coated Perovskite for Efficient Flexible Solar Cells. Adv. Energy Mater. 2018, 8, 1801935. [Google Scholar] [CrossRef]

	



Arulanantham, A.M.S.; Valanarasu, S.; Kathalingam, A.; Shkir, M.; Kim, H.-S. An investigation on SnS layers for solar cells fabrication with CdS, SnS2 and ZnO window layers prepared by nebulizer spray method. Appl. Phys. A 2018, 124, 776. [Google Scholar] [CrossRef]

	



Bishop, J.E.; Routledge, T.G.; Lidzey, D.G. Advances in Spray-Cast Perovskite Solar Cells. J. Phys. Chem. Lett. 2018, 9, 1977–1984. [Google Scholar] [CrossRef]

	



Liu, S.; Zhang, X.; Zhang, L.; Xie, W. Ultrasonic spray coating polymer and small molecular organic film for organic light-emitting devices. Sci. Rep. 2016, 6, 37042. [Google Scholar] [CrossRef]

	



Das, S.; Yang, B.; Gu, G.; Joshi, P.C.; Ivanov, I.N.; Rouleau, C.M.; Aytug, T.; Geohegan, D.B.; Xiao, K. High-Performance Flexible Perovskite Solar Cells by Using a Combination of Ultrasonic Spray-Coating and Low Thermal Budget Photonic Curing. ACS Photonics 2015, 2, 680–686. [Google Scholar] [CrossRef]

	



Barrows, A.T.; Pearson, A.J.; Kwak, C.K.; Dunbar, A.D.F.; Buckley, A.R.; Lidzey, D.G. Efficient planar heterojunction mixed-halide perovskite solar cells deposited via spray-deposition. Energy Environ. Sci. 2014, 7, 2944–2950. [Google Scholar] [CrossRef]

	



Ishihara, H.; Sarang, S.; Chen, Y.-C.; Lin, O.; Phummirat, P.; Thung, L.; Hernandez, J.; Ghosh, S.; Tung, V. Nature inspiring processing route toward high throughput production of perovskite photovoltaics. J. Mater. Chem. A 2016, 4, 6989–6997. [Google Scholar] [CrossRef]

	



Zabihi, F.; Ahmadian-Yazdi, M.R.; Eslamian, M. Fundamental Study on the Fabrication of Inverted Planar Perovskite Solar Cells Using Two-Step Sequential Substrate Vibration-Assisted Spray Coating (2S-SVASC). Nanoscale Res. Lett. 2016, 11, 71. [Google Scholar] [CrossRef]

	



Huang, H.; Shi, J.; Zhu, L.; Li, D.; Luo, Y.; Meng, Q. Two-step ultrasonic spray deposition of CH3NH3PbI3 for efficient and large-area perovskite solar cell. Nano Energy 2016, 27, 352–358. [Google Scholar] [CrossRef]

	



Park, M.; Cho, W.; Lee, G.; Hong, S.C.; Kim, M.-c.; Yoon, J.; Ahn, N.; Choi, M. Highly Reproducible Large-Area Perovskite Solar Cell Fabrication via Continuous Megasonic Spray Coating of CH3NH3PbI3. Small 2019, 15, 1804005. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Remeika, M.; Hu, Z.; Juarez-Perez, E.J.; Qiu, L.; Liu, Z.; Kim, T.; Ono, L.K.; Son, D.-Y.; Hawash, Z.; et al. Negligible-Pb-Waste and Upscalable Perovskite Deposition Technology for High-Operational-Stability Perovskite Solar Modules. Adv. Energy Mater. 2019, 9, 1803047. [Google Scholar] [CrossRef]

	



Xia, X.; Wu, W.; Li, H.; Zheng, B.; Xue, Y.; Xu, J.; Zhang, D.; Gao, C.; Liu, X. Spray reaction prepared FA1−xCsxPbI3 solid solution as a light harvester for perovskite solar cells with improved humidity stability. RSC Adv. 2016, 6, 14792–14798. [Google Scholar] [CrossRef]

	



Tait, J.G.; Manghooli, S.; Qiu, W.; Rakocevic, L.; Kootstra, L.; Jaysankar, M.; Masse de la Huerta, C.A.; Paetzold, U.W.; Gehlhaar, R.; Cheyns, D.; et al. Rapid composition screening for perovskite photovoltaics via concurrently pumped ultrasonic spray coating. J.Mater. Chem. A 2016, 4, 3792–3797. [Google Scholar] [CrossRef]

	



Heo, J.H.; Lee, M.H.; Jang, M.H.; Im, S.H. Highly efficient CH3NH3PbI3−xClx mixed halide perovskite solar cells prepared by re-dissolution and crystal grain growth via spray coating. J. Mater. Chem. A 2016, 4, 17636–17642. [Google Scholar] [CrossRef]

	



Verma, A.; Martineau, D.; Abdolhosseinzadeh, S.; Heier, J.; Nüesch, F. Inkjet printed mesoscopic perovskite solar cells with custom design capibility. Material Advances 2020, 1, 153–160. [Google Scholar] [CrossRef]

	



Wei, Z.; Chen, H.; Yan, K.; Yang, S. Inkjet Printing and Instant Chemical Transformation of a CH3NH3PbI3/Nanocarbon Electrode and Interface for Planar Perovskite Solar Cells. Angew. Chem. 2014, 53, 13239–13243. [Google Scholar] [CrossRef]

	



Li, S.G.; Jiang, K.-J.; Su, M.-J.; Cui, X.-P.; Huang, J.H.; Zhang, Q.Q.; Zhou, X.-Q.; Yang, L.-M.; Song, Y.-L. Inkjet printing of CH3NH3PbI3 on a mesoscopic TiO2 film for highly efficient perovskite solar cells. J. Mater. Chem. A 2015, 3, 9092–9097. [Google Scholar] [CrossRef]

	



Mathies, F.; Abzieher, T.; Hochstuhl, A.; Glaser, K.; Colsmann, A.; Paetzold, U.W.; Hernandez-Sosa, G.; Lemmer, U.; Quintilla, A. Multipass inkjet printed planar methylammonium lead iodide perovskite solar cells. J. Mater. Chem. A 2016, 4, 19207–19213. [Google Scholar] [CrossRef]

	



Mathies, F.; Eggers, H.; Richards, B.S.; Hernandez-Sosa, G.; Lemmer, U.; Paetzold, U.W. Inkjet-printed Triple Cation Perovskite Solar Cells. Acs Appl. Energy Mater. 2018, 1, 1834–1839. [Google Scholar] [CrossRef]

	



Eggers, H.; Schackmar, F.; Abzieher, T.; Sun, Q.; Lemmer, U.; Vaynzof, Y.; Richards, B.S.; Hernandez-Sosa, G.; Paetzold, U.W. Inkjet-Printed Micrometer-Thick Perovskite Solar Cells with Large Columnar Grains. Adv. Energy Mater. 2020, 10, 1903184. [Google Scholar] [CrossRef]

	



Li, P.; Chao, L.; Bao, B.; Li, Y.; Song, Y. Inkjet manipulated homogeneous large size perovskite grains for efficient and large-area perovskite solar cells. Nano Energy 2018, 46, 203–211. [Google Scholar] [CrossRef]

	



Liang, C.; Li, P.; Gu, H.; Zhang, Y.; Li, F.; Song, Y.; Mathews, N.; Xing, G. One-Step Inkjet Printed Perovskite in Air for Efficient Light Harvesting. Sol. RRL 2018, 2, 1770150. [Google Scholar] [CrossRef]

	



Rong, Y.; Hou, X.; Hu, Y.; Mei, A.; Liu, L.; Wang, P.; Han, H. Synergy of ammonium chloride and moisture on perovskite crystallization for efficient printable mesoscopic solar cells. Nat. Commun. 2017, 8, 14555. [Google Scholar] [CrossRef]

	



Liu, L.; Mei, A.; Liu, T.; Pei, J.; Sheng, Y.; Zhang, L.; Han, H. Fully Printable Mesoscopic Perovskite Solar Cells with Organic Silane Self-Assembled Monolayer. J. Am. Chem. Soc. 2015, 137, 1790–1793. [Google Scholar] [CrossRef]

	



Hu, Y.; Si, S.; Mei, A.; Rong, Y.; Liu, H.; Li, X.; Han, H. Stable Large-Area (10 × 10 cm2) Printable Mesoscopic Perovskite Module Exceeding 10% Efficiency. Sol. RRL 2017, 1, 1600019. [Google Scholar] [CrossRef]

	



Grancini, G.; Roldán-Carmona, C.; Zimmermann, I.; Mosconi, E.; Lee, X.; Martineau, D.; Narbey, S.; Oswald, F.; De Angelis, F.; Graetzel, M.; et al. One-Year stable perovskite solar cells by 2D/3D interface engineering. Nat. Commun. 2017, 8, 15684. [Google Scholar] [CrossRef]

	



Hashmi, S.G.; Martineau, D.; Dar, M.I.; Myllym?Ki, T.T.T.; Sarikka, T.; Vainio, U.; Zakeeruddin, S.M.; Gratzel, M. High performance carbon-based printed perovskite solar cells with humidity assisted thermal treatment. J. Mater. Chem. A 2017, 5, 12060–12067. [Google Scholar] [CrossRef]

	



Kato, Y.; Ono, L.K.; Lee, M.V.; Wang, S.; Raga, S.R.; Qi, Y. Silver Iodide Formation in Methyl Ammonium Lead Iodide Perovskite Solar Cells with Silver Top Electrodes. Adv. Mater. Interfaces 2015, 2, 1500195. [Google Scholar] [CrossRef]

	



Back, H.; Kim, G.; Kim, J.; Kong, J.; Kim, T.K.; Kang, H.; Kim, H.; Lee, J.; Lee, S.; Lee, K. Achieving long-term stable perovskite solar cells via ion neutralization. Energy Environ. Sci. 2016, 9, 1258–1263. [Google Scholar] [CrossRef]

	



Rong, Y.; Hu, Y.; Mei, A.; Tan, H.; Saidaminov, M.I.; Seok, S.I.; McGehee, M.D.; Sargent, E.H.; Han, H. Challenges for commercializing perovskite solar cells. Science 2018, 361, eaat8235. [Google Scholar] [CrossRef] [PubMed]

	



You, J.; Meng, L.; Song, T.B.; Guo, T.F.; Yang, Y.M.; Chang, W.H.; Hong, Z.; Chen, H.; Zhou, H.; Chen, Q.; et al. Improved air stability of perovskite solar cells via solution-processed metal oxide transport layers. Nat. Nanotechnol. 2016, 11, 75–81. [Google Scholar] [CrossRef]

	



Tan, H.; Jain, A.; Voznyy, O.; Lan, X.; García de Arquer, F.P.; Fan, J.Z.; Quintero-Bermudez, R.; Yuan, M.; Zhang, B.; Zhao, Y.; et al. Efficient and stable solution-processed planar perovskite solar cells via contact passivation. Science 2017, 355, 722–726. [Google Scholar] [CrossRef]

	



Li, W.; Zhang, W.; Van Reenen, S.; Sutton, R.J.; Fan, J.; Haghighirad, A.A.; Johnston, M.B.; Wang, L.; Snaith, H.J. Enhanced UV-light stability of planar heterojunction perovskite solar cells with caesium bromide interface modification. Energy Environ. Sci. 2016, 9, 490–498. [Google Scholar] [CrossRef]

	



Ito, S.; Tanaka, S.; Manabe, K.; Nishino, H. Effects of Surface Blocking Layer of Sb2S3 on Nanocrystalline TiO2 for CH3NH3PbI3 Perovskite Solar Cells. J. Phys. Chem. C 2014, 118, 16995–17000. [Google Scholar] [CrossRef]

	



Shin, S.S.; Yeom, E.J.; Yang, W.S.; Hur, S.; Kim, M.G.; Im, J.; Seo, J.; Noh, J.H.; Seok, S.I. Colloidally prepared La-doped BaSnO3 electrodes for efficient, photostable perovskite solar cells. Science 2017, 356, 167–171. [Google Scholar] [CrossRef]

	



Arora, N.; Dar, M.I.; Hinderhofer, A.; Pellet, N.; Schreiber, F.; Zakeeruddin, S.; Graetzel, M. Perovskite solar cells with CuSCN hole extraction layers yield stabilized efficiencies greater than 20%. Science 2017, 358, 768–771. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, X.; Chen, H.; Li, Q.; Yang, Y.; Wei, Z.; Bai, Y.; Qiu, Y.; Zhou, D.; Wong, K.S.; Yang, S. Boron Doping of Multiwalled Carbon Nanotubes Significantly Enhances Hole Extraction in Carbon-Based Perovskite Solar Cells. Nano Lett. 2017, 17, 2496–2505. [Google Scholar] [CrossRef]

	



Xu, J.; Buin, A.; Ip, A.H.; Li, W.; Voznyy, O.; Comin, R.; Yuan, M.; Jeon, S.; Ning, Z.; McDowell, J.J.; et al. Perovskite–fullerene hybrid materials suppress hysteresis in planar diodes. Nat. Commun. 2015, 6, 7081. [Google Scholar] [CrossRef]

	



Tai, Q.; You, P.; Sang, H.; Liu, Z.; Hu, C.; Chan, H.L.; Yan, F. Efficient and stable perovskite solar cells prepared in ambient air irrespective of the humidity. Nat. Commun. 2016, 7, 11105. [Google Scholar] [CrossRef]

	



Chen, Q.; De Marco, N.; Yang, Y.; Song, T.-B.; Chen, C.-C.; Zhao, H.; Hong, Z.; Zhou, H.; Yang, Y. Under the spotlight: The organic–inorganic hybrid halide perovskite for optoelectronic applications. Nano Today 2015, 10, 355–396. [Google Scholar] [CrossRef]

	



Cao, D.H.; Stoumpos, C.C.; Farha, O.K.; Hupp, J.T.; Kanatzidis, M.G. 2D Homologous Perovskites as Light-Absorbing Materials for Solar Cell Applications. J. Am. Chem. Soc. 2015, 137, 7843–7850. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, H.; Nie, W.; Blancon, J.C.; Stoumpos, C.C.; Asadpour, R.; Harutyunyan, B.; Neukirch, A.J.; Verduzco, R.; Crochet, J.J.; Tretiak, S.; et al. High-efficiency two-dimensional Ruddlesden-Popper perovskite solar cells. Nature 2016, 536, 312–316. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Zhang, Z.; Mei, A.; Jiang, Y.; Hou, X.; Wang, Q.; Du, K.; Rong, Y.; Zhou, Y.; Xu, G.; et al. Improved Performance of Printable Perovskite Solar Cells with Bifunctional Conjugated Organic Molecule. Adv. Mater. 2018, 30, 1705786. [Google Scholar] [CrossRef] [PubMed]

	



Quan, L.N.; Yuan, M.; Comin, R.; Voznyy, O.; Beauregard, E.M.; Hoogland, S.; Buin, A.; Kirmani, A.R.; Zhao, K.; Amassian, A.; et al. Ligand-Stabilized Reduced-Dimensionality Perovskites. J. Am. Chem. Soc. 2016, 138, 2649–2655. [Google Scholar] [CrossRef]

	



Chen, Y.; Sun, Y.; Peng, J.; Zhang, W.; Su, X.; Zheng, K.; Pullerits, T.; Liang, Z. Tailoring Organic Cation of 2D Air-Stable Organometal Halide Perovskites for Highly Efficient Planar Solar Cells. Adv. Energy Mater. 2017, 7, 1700162. [Google Scholar] [CrossRef]

	



Ito, S.; Mizuta, G.; Kanaya, S.; Kanda, H.; Nishina, T.; Nakashima, S.; Fujisawa, H.; Shimizu, M.; Haruyama, Y.; Nishino, H. Light stability tests of CH3NH3PbI3 perovskite solar cells using porous carbon counter electrodes. Phys. Chem. Chem. Phys. 2016, 18, 27102–27108. [Google Scholar] [CrossRef]

	



Mei, A.; Li, X.; Liu, L.; Ku, Z.; Liu, T.; Rong, Y.; Xu, M.; Hu, M.; Chen, J.; Yang, Y.; et al. A hole-conductor-free, fully printable mesoscopic perovskite solar cell with high stability. Science 2014, 345, 295–298. [Google Scholar] [CrossRef]

	



Domanski, K.; Alharbi, E.; Hagfeldt, A.; Graetzel, M.; Tress, W. Systematic investigation of the impact of operation conditions on the degradation behaviour of perovskite solar cells. Nat. Energy 2018, 3, 61–67. [Google Scholar] [CrossRef]

	



Saliba, M.; Matsui, T.; Domanski, K.; Seo, J.Y.; Ummadisingu, A.; Zakeeruddin, S.M.; Correa-Baena, J.P.; Tress, W.R.; Abate, A.; Hagfeldt, A.; et al. Incorporation of rubidium cations into perovskite solar cells improves photovoltaic performance. Science 2016, 354, 206–209. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 13 04851 g001 550] 





Figure 1. (a) LaMer’s diagram illustrates the nucleation and growth kinetics. Reproduced with the permission from ref. [20], Copyright 2020, Chemical Society Reviews. (b) Illustration of the nucleation theory.  Δ G represents the free energy change and is as the function of nuclear radius (r). Reproduced with the permission from ref. [39], Copyright 2019, Advanced Functional Materials. (c) Explanation of the contact angle (θ) for heterogeneous nucleation. 
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Figure 2. (a) Represents the spin-coating process and the FDC process to fabricate perovskite films. Spin coating (top) produces a shiny gray film with nonuniform large crystals. A second solvent (CB) is dripped on the wet film during the spin coating to induce fast crystallization producing the uniform size perovskite grains. (b,c) SEM images of CH3NH3PbI3 film fabricated by FDC process using antisolvent (CB). (d,e) SEM images of a film fabricated by conventional spin coating. Reproduced with the permission from ref. [61], Copyright 2014, Agewandte Intl. Ed. Chemie. 
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Figure 3. (a) Represents the spin coating with static antisolvent (SAS) process. (b) The photo of 10 × 10 cm2 perovskite film by SAS process. (c) SEM images of perovskite film from the left to right by SAS process. (d) Spin coating with dynamic antisolvent (DAS) process. (e) The photo of the 10 × 10 cm2 large perovskite film by DAS process. (f) SEM images of large 10 × 10 cm2 perovskite films fabricated by DAS process. (g) The photo of the solar module by DAS process. Reproduced with permission from ref. [21], Copyright 2019, Solar RRL. 
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Figure 4. (a–d) SEM images of PbI2 films and (e–g) SEM of images perovskite films. (a and e) prepared without additives. (b,f) with KCl, (c,g) with NaCl, and (d,h) with LiCl additives. (i) Normalized PCEs as a function of days, of PSCs fabricated with and without KCl as an additive. Inset: color changing images of the perovskite films in air with time. Reproduced with permission from ref. [101], Journal of Materials Chemistry A. 
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Figure 5. (a) Represents the fabrication of FAPbI3 perovskite films by a Lewis base adduct approach. (b) Represents the molecular structure of Lewis bases: dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidone (NMP). (c–f) Photographs and SEM images of theFAPbI3 perovskite films. (g). Molecular structures of the Lewis bases used in theFAPbI3 perovskite films (upper panel) Lewis bases perovskite adducts (middle panel) and the crystallized perovskite films (lower panel). Reproduced with permission from ref. [109], Copyright 2018, Journal of the American Chemical Society. 
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Figure 6. (a–d) The coarsening mechanism of perovskite grains with lengthened annealing time, as per the Ostwald ripening model: (a) initial stage, (b) early stage, (c) middle stage, (d) final stage. (e–g). SEM images of the perovskite films crystallized at 100 °C for long annealing times after removing the residual solvent: (e) 5 min, (f) 10 min, and (g) 15 min. (h–j). SEM images of the perovskite films prepared with short annealing times, which still contain some residual solvent: (h) 2 s, (i) 20 s, and (j) 60 s. (k–m) SEM images of the perovskite films prepared from PbI2/DMF solution with 8% DMSO addition, and then annealed at 100 °C for short annealing times: (k) 10 s, (l) 40 s, and (m) 120 s. Reproduced with permission from ref. [134], Copyright 2018, ACS Applied Energy Materials. 
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Figure 7. (a) Represents the one-step deposition and vacuum-assisted crystallization of a blade coated perovskite film. (b) Printed precursor colloids then vacuum extraction to create an intermediate film by removing solvent from printed wet film and finally the fully crystallized perovskite film after thermal annealing. Reproduced with permission from ref. [37], Copyright 2019, Advanced Science. (c,d) SEM images of the surface of 3D perovskite film and 2D/3D perovskite film. (e,f) Cross-sectional SEM images of the 3D perovskite film and 2D/3D perovskite film. The 3D and 2D/3D perovskite films are fabricated by blade coating of MAPbI3 precursor without and with addition of 5 mg mL−1 SBLC, respectively. (g) Molecular structure of the SBLC additive. Reproduced with permission from ref. [145], Copyright 2020, Advanced Energy Materials. 
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Figure 8. (a–f) SEM images for CH3NH3PbI3 films prepared using different conditions: (a) without NH4Cl additive; (b) 5 mg/mL NH4Cl additive; (c) 10 mg/mL NH4Cl additive; (d) 20 mg/mL NH4Cl additive; (e) spin coating, without NH4Cl additive; (f) spin coating, 10 mg/mL NH4Cl additive. (g) Roll-to-roll continuous preparation of CH3NH3PbI3 films. (h) Device structure of perovskite solar cells. (i) The XRD results. Reproduced with permission from ref. [149], Copyright 2018, Elsevier Nano Energy. 
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Figure 9. (a,b) The microstructures of the CH3NH3PbI3 layer dried at 140 °C with slow and fast temperature ramping, respectively. (c,d) Cs0.15FA0.85PbI2.85Br0.15 layer dried with slow and fast temperature ramping, respectively. (e) The SEM image of perovskite (Cs0.15FA0.85PbI2.85Br0.15) layer. (f) Cross-sectional FIB–SEM image of SnO2 and perovskite layers R2R coated on PET/ITO substrates, the perovskite layer Cs0.15FA0.85 PbI2.85Br0.15 dried with fast temperature ramping (corresponding to the images d,e). (g) Photograph images of the roll-to-roll prepared perovskite layer (Cs0.15FA0.85PbI2.85Br0.15) and an example of the manufactured flexible devices. Reproduced with permission from ref. [155], Copyright 2018, Advance Energy Materials. 
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Figure 10. (a) Represents the fabrication of the MAPbI3−xClx mixed perovskite film by spray coating through a solution of MAPbI3−xClx mixed halide powder. (b–d) SEM images of MAPbI3−xClx mixed halide perovskite films at spraying times of 30 s (b), 60 s (c), and 90 s (d). Reproduced with permission from ref. [168], Copyright 2016, Journal of Materials Chemistry A. 
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Figure 11. (a) Represents the megasonic spray coating process. (b) Represents the inverted planar MAPbI3 PSC fabricated by the megasonic spray coating system. (c–h) Surface and FIB-cross-section SEM images of the perovskite film coated on glass/ITO/PEDOT:PSS with scan speed: (c,f) 10 mm s−1, (d,g) 15 mm s−1, and (e,h) 20 mm s−1. The films were annealed at 120 °C for 1 min with DMSO vapor after coating and for 4 min in air. Reproduced with permission from ref. [164], Copyright 2019, Small. 
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Figure 12. (a) Represents the important steps involved in inkjet printing of triple-cation multicrystalline perovskite (TCP) thin films: (1) ink preparation, (2) inkjet printing, (3) drying and annealing: The printed TCP wet film is transferred to a vacuum chamber to accelerate the rate of removal of the solvents to induce nucleation of the perovskite thin film. (b) SEM images of cross sections of PSCs with inkjet-printed perovskite films with different resolutions. Reproduced with permission from ref. [174], Copyright 2020, Advanced Energy Materials. 






Figure 12. (a) Represents the important steps involved in inkjet printing of triple-cation multicrystalline perovskite (TCP) thin films: (1) ink preparation, (2) inkjet printing, (3) drying and annealing: The printed TCP wet film is transferred to a vacuum chamber to accelerate the rate of removal of the solvents to induce nucleation of the perovskite thin film. (b) SEM images of cross sections of PSCs with inkjet-printed perovskite films with different resolutions. Reproduced with permission from ref. [174], Copyright 2020, Advanced Energy Materials.



[image: Materials 13 04851 g012]







[image: Materials 13 04851 g013 550] 





Figure 13. (a) Represents the fabrication of PSC through inkjet printing. (b) Cross-sectional SEM of a complete photovoltaic device. (c,d) The optical images of inkjet-printed MAPbI3 thin film by conventional annealing and vacuum-assisted thermal annealing. Reproduced with permission from ref. [176], Copyright 2018, Solar RRL. 
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Table 1. A summary of scalable solution processing technologies for perovskite solar cells.
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	Method
	Material
	Roll to Roll
	Largest Coating Area (cm2)
	PCE (%)

   Single   Cell   Area ≤ 1   (  cm 2  )   
	PCE (%)

Module Area ≥ 10 (cm2)
	Refs.





	Blade

coating
	MAPbI3
	yes
	6 × 15
	20.3
	14.6
	[78]



	Slot die

coating
	MAPbI3
	yes
	12.5 × 13.5
	~12
	10
	[152]



	Spray

coating
	MAPbI3
	yes
	7.5 × 7.5
	16.9
	14.2
	[164]



	Ink jet

printing
	MAPbI3
	yes
	2.02
	17.74
	-
	[175]
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