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Abstract:



With the rapid increase of efficiency up to 22.1% during the past few years, hybrid organic-inorganic metal halide perovskite solar cells (PSCs) have become a research “hot spot” for many solar cell researchers. The perovskite materials show various advantages such as long carrier diffusion lengths, widely-tunable band gap with great light absorption potential. The low-cost fabrication techniques together with the high efficiency makes PSCs comparable with Si-based solar cells. But the drawbacks such as device instability, J-V hysteresis and lead toxicity reduce the further improvement and the future commercialization of PSCs. This review begins with the discussion of crystal and electronic structures of perovskite based on recent research findings. An evolution of PSCs is also analyzed with a greater detail of each component, device structures, major device fabrication methods and the performance of PSCs acquired by each method. The following part of this review is the discussion of major barriers on the pathway for the commercialization of PSCs. The effects of crystal structure, fabrication temperature, moisture, oxygen and UV towards the stability of PSCs are discussed. The stability of other components in the PSCs are also discussed. The lead toxicity and updated research progress on lead replacement are reviewed to understand the sustainability issues of PSCs. The origin of J-V hysteresis is also briefly discussed. Finally, this review provides a roadmap on the current needs and future research directions to address the main issues of PSCs.






Keywords:


perovskite; photovoltaics; thin film; fabrication; stability












1. Introduction


The organic-inorganic halide perovskite solar cells (PSCs) have attracted a great deal of attention of solar cell research community due to an incredible device efficiency improvement from 3.8% to 22.1% since 2009 [1,2]. The perovskite already gained much attention as a potential replacement of the silicon photovoltaic (PV) devices, which is still occupied the most dominant position in the current PV market, with record efficiency of about 26% [3]. This small gap of solar cell efficiency attracted recent attention especially from the researchers with experience in dye-sensitized solar cells (DSSCs) or organic solar cells because some materials can be used in both PSCs and organic solar cells. The structure of PSCs also origins from the device structure of DSSCs [1]. The perovskite materials have been demonstrated with largely tunable band gap (e.g., CH3NH3PbX3 has a band gap from 1.5 eV to 2.3 eV) [4] and great light absorption coefficient (higher than 104 cm−1) [5,6], which is similar to other thin film solar cell materials such as CdTe [7] and copper zinc tin sulfide (CZTS) [8]. Its low-cost and convenient fabrication techniques also serve as the possible advantages over silicon-based devices that require complicated and costly high-vacuum deposition methods. Reports of successful cell fabrication on flexible substrates even indicated a greater possibility to the large-scale roll-to-roll manufacturing of PSCs that can be used in the industries [9,10,11].



The initial meaning of “perovskite” was about the crystal structure of calcium titanate, which was discovered in 1839 by the German mineralogist Gustav Rose and was named by the Russian mineralogist Lev Perovski. Since then, the term “perovskite” was referred to all compounds with the same crystal structure as calcium titanate. The perovskite light absorption layer has a general formula of ABX3, where A is an organic cation (e.g., methyl-ammonium CH3NH3+), B is a metal cation (e.g., Pb2+) and X stands for the halide anion (e.g., I−).



The first record of perovskite-based solar cell efficiency, however, was reported by Miyasaka et al. [1] only less than one decade ago. They reported an efficiency of 3.8% based on a DSSC structure. Due to the application of liquid electrolyte in the hole-transporting material (HTM), the stability of solar cell was very weak and did not attract much attention. Similar trial was done by Park et al. [12] with the increased efficiency of 6.5% but stability was still the main problem because of the instability of HTM layer due to the liquid medium.



The application of solid-state HTM (2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine) -9,9′-spirobifluorene, i.e., Spiro-OMeTAD), rather than liquid HTM, onto the highly-crystallized perovskite layer triggered the efficiency boosting during the past several years. Lee et al. [13] reported a breakthrough device efficiency of 10.9% in 2012 with the open-circuit voltage higher than 1.1 V. Wang et al. [14] introduced graphene into PSCs and acquired an efficiency of 15.6% in 2013 and the application of another perovskite material, formamidinium iodide (HC(NH2)2PbI3) together with poly-triarylamine (PTAA) as a new HTM brought a remarkable 20.1% efficiency in 2015 [15]. The current record efficiency of PSCs was 22.1%, created in 2016 by Seong Sik Shin et al. [16]. They also accomplished a long-term and stable efficiency of 21.2% in another work [17]. The perovskite-inserted tandem cell also achieved a promising efficiency of 26.7% by combining with Si cells [18]. During this progress, various HTM and vacuum/non-vacuum fabrication methods have been developed, which would be discussed later in this review. Figure 1 compared the efficiency progress of PSCs with other 3rd generation photovoltaics up to date [19]. The rapid improvement of the efficiency of PSCs make perovskite being expected to be comparable with the stable performance of c-Si solar cells whereas all other kinds of non-silicon solar cells suffered great barriers in further improvements. According to the theoretical calculation based on the well-known Shockley-Queisser limit, the perovskite devices, which have (CH3NH3PbI3−xClx), could achieve an efficiency around 25–27% [20]. This result indicates that there is still opportunity for the improvement of PSCs.


Figure 1. A comparison of perovskite efficiency progress with other kinds of photovoltaic (PV) devices (Reprinted with permission) [19].
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Although laboratory scale PSCs exhibited a great progress, perovskite-based PVs still needs to overcome several barriers. In general, there are two major problems currently blocking the improvement pathway: device instability of device performance [21,22] and hysteresis of J-V (current density-voltage) [23]. At present, long-term efficiency measurements (>1000 h) is still not adequate for the commercialization of PSCs. The PSCs must pass a series of testing under harsh conditions and environments for similar duration (>1000 h) [24]. Thus, it is very important to understand the degradation mechanism of both perovskite materials and other device components such as hole transport medium (HTM) and electron transport medium (ETM). The J-V hysteresis was discovered during cell testing when voltage sweeping routine changed. This phenomenon brings problems for standardizing the measurement protocol of PSCs. In addition, the toxicity from lead could be another problem during the manufacturing, using and recycling of perovskite [25]. Currently several trials on applying non-toxic alternative metal ions have been reported [26,27] but their device efficiency is still not promising. Detail information could be found later in this review.



Future research of PSCs, except efforts on improving the stability and reducing J-V hysteresis of PSCs, could also be focus on the large-area fabrication of PSCs (even small module area) and efforts on at least partial replacement of lead with other non-toxic metal ions inside the perovskite. Bi-facial illumination could also be considered for PSCs due to its structural advantages. Detail information could be found in the last part of this review.



It has been clear that the perovskite could be the next candidate to replace Si due to its outstanding structural, electrical and optical properties. This review, therefore, would start with the discussion from micro-scale observations on the crystal and electrical structures of perovskite materials. The next part is the discussions on device-level investigations: the evolution of device structure, the fabrication methods and their progresses and the exploration of each device component. We would then focus on the research efforts of device stability and toxicity of PSCs and finally show our suggestions for further directions of the perovskite research.




2. Structures


2.1. Crystal Structure


The perovskite materials have a general crystal structure described as ABX3, where “A” and “B” are cations with varied sizes and “X” is an anion. A typical unit cell structure of a basic perovskite compound is shown in Figure 2. Organometallic halide perovskites include an organic cation (e.g., methyl-ammonium CH3NH3+, ethyl-ammonium CH3CH2NH3+, formamidinium NH2CH=NH2+), a metal cation of carbon family (i.e., Ge2+, Sn2+, Pb2+) and a halogen anion (i.e., F−, Cl−, Br−, I−). Among them, methyl-ammonium-lead-iodide (MAPbI3) is the most widely used perovskite light absorber. Some recent research efforts also replaced lead with other metal ions due to the concern of toxicity of lead during device fabrication, especially for the future large-scale manufacturing [26,28]. In addition, several organic cations (CH3NH3+ and NH2CH=NH2+), inorganic cations (Cs2+ and Sn2+) and halide anions (Br−, Cl− and I−) have been used to improve the efficiency and stability [29,30].


Figure 2. A generic perovskite crystal structure of the form ABX3 (Reprinted with permission) [31].
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Perovskite materials have different phases depending on the change of temperature. When temperature is lower than 100 K, the perovskite displayed a stable orthorhombic (γ) phase. With temperature increased to 160 K, the tetragonal (β) phase started to appear and replace the original orthorhombic (γ) phase [32]. As temperature increases further to about 330 K, the tetragonal (β) phase started being replaced by another stable cubic (α) phase [33]. Figure 3 displayed all those three crystal structures. The tetragonal-cubic phase transition at higher temperature partially influences the thermal stability of perovskite materials. Formamidinium iodide (HC(NH2)2PbI3), for example, has a phase transition occurred at a higher temperature, indicating that it is relatively stable compared with common MAPbI3. Moreover, a recent report suggested that light soaking could also trigger the reversible phase transition of perovskite materials [34] but more efforts are required to demonstrate this behavior.


Figure 3. Comparison of (a) orthorhombic; (b) tetragonal and (c) cubic perovskite phases obtained from structural optimization of MAPbI3. Top row: a-c-plane and bottom row: a-b-plane (Reprinted with permission) [35].
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2.2. Electronic Structures


The electronic structure of perovskite, especially the typical MAPbI3, was already estimated by DFT (density functional theory) calculations. The calculated band gap had a good agreement with the measured band gap by absorption spectrum even after considering the spin orbit coupling and other interactions like van der Walls interaction. Zhou et al. [36] studied the band structure of both cubic and tetragonal MAPbI3 and the results were shown in Figure 4.


Figure 4. (a–c) showed the band structure of cubic MAPbI3 optimized with lead relaxed, corresponding to 001−, 110− and 111− MAPbI3, respectively. The relative results of tetragonal phase results are shown in (d–f) (Reprinted with permission) [36].
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Also, the unusual DOS (density of state) position of Pb2+ and I- showed the p-p optical transition, which was similar to the charge transition of an ionic material [37]. On the valence band maximum (VBM), due to the s-p antibonding coupling, the valence band top tends to dispersion, which leaded to a smaller effective mass (mo). According to other calculations [38,39,40], it is believed that MAPbI3 had an effective mass with the same magnitude of widely-used Si and GaAs. Thus, a high carrier mobility could be expected. Although further investigation did not match this estimation with the same magnitude [41], the evidence of low radiative recombination coefficient of MAPbI3 indicated the carrier mobility is high enough to overcome the radiative recombination [42]. Besides, long carrier lifetime and suitable diffusion length of MAPbI3 were estimated [43]. Compared with the long diffusion length of Si and GaAs (101–102 µm) [44,45], a shorter diffusion length (<10 µm) of polycrystalline thin film perovskite were interpreted as due to the grain boundary effects [46,47].



Moreover, by comparing the DOS and the absorption spectra of MAPbI3 and GaAs shown in Figure 5 [48], it could be concluded that the p-p transition is stronger than typical p-s transition in GaAs. The clear difference of DOS close to the conduction band minimum (CBM) led to the difference in joint density of states (JDOS) and therefore, generated the higher light absorption shown in Figure 5. Thus, the efficient charge generation and transition lead to a high photo-current and voltage with proper device structure.


Figure 5. (a) The optical absorption, (b) Density of state (DOS) and (c) Joint density of states (JDOS) of MAPbI3, CsSnI3 and GaAs. (d) Calculated maximum efficiencies of MAPbI3, copper indium sulfide (CIS), CZTS and GaAs as a function of film thickness (Reprinted with permission) [48].
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2.3. Device Structure


The first reported perovskite device is designed based on the structure of DSSCs, where liquid electrolyte capped both mesoporous TiO2 particles and perovskite material as the new “dye” molecules. Their work demonstrated the perovskite was not a stable “dye” due to its quick dissolving in the liquid hole-transport layer. The 3.1% and 3.8% device efficiency (depends on different halogen anions) could only last few minutes [1]. A later research used similar structure but thinner TiO2 layer (from 8–12 µm to 3 µm) and the efficiency increased to 6.5%. The perovskite was also proved a better light absorption than the dye molecules (N719); however, the corrosion appeared in liquid electrolyte and destroyed the device after 10 min [12]. To avoid this degradation, a solid-state hole-transport material was applied and the device performance was significantly increased. According to Lee et al. [13], this improvement combined both features from thin-film PVs and DSSCs and many other works were accomplished on increasing the efficiency. Solar cells were fabricated similar to thin-film PV, where perovskite served solely as the light absorber without TiO2 assistance. They finally acquired a planar PSC with a 1.8% efficiency [13]. They modified the growing condition of perovskite and boosted the efficiency to 11.4% but TiO2 was still the charge blocking layer [49]. At present, both planar and mesoscopic structure-based cells have efficiency of 20.8% [50] and 21.6% [51], respectively. A schematic of both planar and mesoscopic structure could be found in Figure 6 [51]. The PCSs could be fabricated in both sequences rather than thin-film PV, whose device configuration was limited by the properties of absorber materials. Thus, there are four major types of PSCs: substrate/superstrate-configured mesoporous structure and substrate/superstrate-configured planar structure.


Figure 6. Schematic diagrams of (a) mesoscopic and (b) planar perovskite solar cells (PSCs) (Reprinted with permission) [52].
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The most typical n-i-p mesoporous structure is the first demonstrated high-efficient structure for perovskite devices. Started with the TCO cathode (mostly fluorine-doped tin oxide, FTO), a thin compact blocking layer was applied to decrease shunting, a mesoporous metal oxide layer filled with highly crystalline perovskite absorber layer. A layer of HTM was applied and a metal contact layer was deposited on the top of the device.



The mesoporous structure is originated from typical DSSCs. The reason for the weak performance of DSSC-based perovskite devices, except the corrosion due to liquid electrolyte mentioned above, was the excess mesoporous TiO2 part. The widely-spread TiO2 nano-particles inside the perovskite layer reduced the growth of perovskite crystals and also decreased the distance between separated free carriers, giving extra change for carrier recombination between TiO2 and HTM layer. Research results showed that the perovskite device acquired a higher efficiency with thinner mesoporous layer [12]. Therefore, in n-i-p mesoporous structure of PSCs, the mesoporous layer was normally less than 300 nm. Such structure allows perovskite to form a capping layer on top of the mesoporous part, serving as a light-sensitive intrinsic layer while reducing the carrier recombination process. Currently mesoporous structure is one of the most popular structures in the fabrication of PSCs with a power conversion efficiency (PCE) greater than 20% [50]. Other materials such as Al2O3 and ZrO2 have been also reported with great device efficiency [53].



The planar PSC is successful because it utilizes thin-film PV structure and excellent optical and electrical properties of perovskite. It is also an extreme case for mesoporous structure, where the thickness of mesoporous layer is zero and unlike the mesoporous structure, this type of structure could be fabricated without high-temperature process [52]. This structure requires a better control of the formation of perovskite absorber and suitable choice of HTM/ETM layers. Research efforts demonstrated a PCE of 21.6% for this type of PSC [51]. However, an ultra-thin mesoporous charge transport layer was always applied at the interface of perovskite and mesoporous TiO2 in order to enhance the carrier collection [15].





3. Fabrication Approaches


3.1. Perovskite Layer Fabrication


Because of the structural similarities of PSCs with both DSSCs and thin-film PVs, the fabrication approaches for both kinds of solar cells, including almost all vacuum and non-vacuum methods, could have a considerable improvement in PSCs as well. But the actual research showed something different: due to relatively easier process and great efficiency output, spin-coating is the most widely used method in the fabrication of PSCs but it is not suitable for large-scale manufacturing. Many other non-vacuum-based approaches were also developed and will be mentioned below. Some of them, such as doctor blading and screen printing, had been also successfully applied for the fabrication of larger-scale perovskite films [54]. However, thermal evaporation is the only vacuum-based methods that ever been demonstrated with a good cell performance. To the best of our knowledge, sputtering was never used possibly due to the lack of appropriate sputtering target and the possible damage of high-energy species to the unstable perovskite materials. According to different preparation procedures, the fabrication approaches of PSCs could be categorized as: one-step process; two-steps process; vapor-assisted process and thermal evaporation process.



3.1.1. One-Step Method


One-step deposition was widely used in perovskite cell fabrication due to its easier operation and low cost. The perovskite film could be fabricated with pinhole-free and suitable stoichiometry with wise control of perovskite precursors. Typically, the perovskite precursor solution was prepared with organic halide (MAI/FAI, methylammonium/formamidinium iodide) and inorganic halide (e.g., PbI2) dissolved in gamma-butyrolactone (GBL), dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or a combination of two or all three solvents. The mixed precursors were spin-coated and annealed in a range of 100–150 °C to form phase-pure, pinhole-free and dense perovskite layer.



One-step approaches had a great starting point of a 10.9% efficiency reported by Lee et al. [13], where the as-synthesized MAI and commercially-available PbCl2 were dissolved in DMF in a molar ratio of 3:1 in order to adjust the halide anion ratio. The perovskite layer formed after 30 s of spin coating and 100 °C post-annealing. The device also displayed a great open circuit voltage (Voc) of more than 1 V. Since then, various solution-based methods have been developed. One group found an intermediate state MAI·PbI2·DMSO, which could assist the formation of uniform and dense bi-layer perovskite absorber layer (mp-TiO2 with nano-scale MAPbI3/crystal MAPbI3) as shown in Figure 7 [55]. This phenomenon was followed with various solution adjustment that tried to form the desired intermediate state: Rong et al. [56] reported the formation of non-stoichiometric MA2Pb3I8(DMSO)2 in a DMSO/GBL mixed solvent (3:7 v/v) and they suggest this phase would assist with forming smooth perovskite layer. In addition, their work also discovered strong dependence of process conditions on the device performance: their PCE varied from 8.07% to 15.29% with different post-annealing temperature and time. Guo et al. [57] showed the formation of a PbI2–MAI–DMF complex in a temperature range of 40–80 °C. At temperatures higher than 100 °C, the prepared perovskite films displayed a better phase purity.


Figure 7. (a) Device structure of the bi-layered PSC; (b) X-ray diffraction (XRD) pattern of the annealed perovskite on fused silica. A surface scanning electron microscopy (SEM) image of fluorine-doped tin oxide (FTO)/bl-TiO2/bi-layered TiO2-perovskite composite is inserted; (c) one-step perovskite film fabrication steps (Reprinted with permission) [55].
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The formation of one dimensional MA3PbI9(DMSO)2 and MA3PbI9 (DMSO) phases was also found, which brought a discussion of the perovskite formation mechanism. The results indicated that the DMSO was a better solvent [58]. Moreover, a controllable MAI·PbI2·(DMSO)1.5 was examined through TGA (thermogravimetry analysis) as shown in Figure 8 [59]. The perovskite was synthesized in a DMSO/DMF mixed solvent (85:15 v/v) and the final device showed a high short-circuit-current density (Jsc) of 21.39 mA/cm2, a Voc of 1.06 V, a fill factor (FF) of 0.76 and a PCE of 16.41% [59]. The current record of PSC (Figure 9), was a stable efficiency of 21.2% [17]. Except their replacement with Lanthanum (La)–doped BaSnO3 (LBSO) of the typical mesoporous TiO2 layer to increase the stability of perovskite, their precursor solution also included 2-Methoxyethanol, DMSO and GBL with the volume ratio of 7:3:4.


Figure 8. Thermogravimetric analysis (TGA) of (a) MAI·PbI2·DMFx powder and (b–d) MAI·PbI2·(DMSO)y (y = 0.6, 1.5, 1.9) powder. The black, red and blue solid lines indicate mass loss behavior of the DMF (DMSO), MAI and PbI2, respectively (Reprinted with permission) [59].
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Figure 9. Photovoltaic performance of PSCs (A) Cross-sectional SEM image of LBSO-based PSCs (scale bar, 500 nm). (B) J-V curves and (inset) stabilized power conversion efficiencies (PCEs) at a maximum power point (LBSO: 0.96 V; TiO2: 0.91 V) for the best LBSO- and TiO2-based PSC. (C) External quantum efficiency (EQE) spectrum and Jsc integrated from the EQE spectrum of the best LBSO-based PSC. (D) Histograms of PCEs extracted from an Isc stabilized at the maximum power point during 100 s for the LBSO-based PSCs (Reprinted with permission) [17].
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Another factor on one-step fabricated PSC is the additives applied after the precursor deposition. Liang et al. [60] first discovered a controllable perovskite crystallization rate with the application of 1,8-diiodooctane (DIO) to the precursor solution. They found that the additives reduced transformation kinetics and allow a homogeneous crystal growth. Thus, more pinhole-free perovskite crystals were produced hence the surface morphology and device performance were improved. A PCE of 11.8% was accomplished through this process. Since then, more additives were demonstrated enhancing the device efficiency, such as NH4Cl [61], HI [62] and CH3NH3Cl [63].



The proper adjustment of composition would also benefit the PCE of devices. Recently, a PCE of 20.26% was claimed by Nazeeruddin et al. [64]. Their achievement was accomplished not only due to the complex additive of Li-bis(trifluoromethanesulfonyl) imide, FK209 [tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(trifluoromethylsulfonyl) imide) and 4-tertbutylpyridine but also a different precursor preparation technique by starting with a mixture of MAI and FAI. Also, the band gap tuning of perovskite would be accomplished by either modifying the organic cations or adjusting halide anion ratios [65]. Corresponding device performance change had already been appeared in some reports with reproducible results [15,66,67].



Although spin-coating is used for the fabrication of PSC layers, successful devices processed on other non-vacuum based approaches had also been reported, including doctor-blade coating [68], spray coating [69], inkjet printing [70] and slot die coating [71]. All those approaches could be considered as alternative pathways for the fabrication of PSC. However, a general disadvantage of those methods is the poor control on perovskite surface morphology, which would highly affect the performance of PCE of PSCs.




3.1.2. Two-Step Method


The perovskite deposition by two steps requires no complete precursor preparation but separate the coating of PbX2 (X=Cl, Br or I) and MAI/FAI layers. First, a PbX2 seed layer would be fabricated (spin-coating, doctor blading) on a substrate. Next, the MAI/FAI incorporation would be done by either dipping the PbX2-covered substrate into MAI/FAI solution (normally isopropanol) [72] or spin-coating of MAI/FAI [73] solution. The final perovskite films would be formed after proper baking. Although steps become more complicated, the morphology and quality of perovskite films could be better controlled via adjusting parameters in either step, which is more process-tunable than one-step fabrication.



In 1998, IBM [74] first synthesized perovskite on glass substrate. After 15 years, the Grätzel Group successfully fabricated the first perovskite cell that had 15% efficiency [75] by using this approach. Due to similar principles of one-step and two-step methods, proper solution engineering including solvent mixing and use of additives could be also applicable to two-step-fabricated PSCs: Li et al. [76] reported an improved PCE of 17.16% with mixing DMSO with DMF due to better coordination of DMSO with PbI2 and an extra intermolecular exchange between DMSO and MAI, which assisted the decomposition of intermediate state and the formation of perovskite. Figure 10 showed a schematic process draw to display the reaction between MAI and PbI2 at the outer solvent shell. Another work demonstrated the addition of a trace amount of H2O would also reduce voids and pinholes on the PbI2 precursor layer and generated an efficiency of 18% and a remarkable fill factor of 85% [77]. The record PSC using two-step method could already achieved a PCE of 20.2% by introducing PTAA and taking advantage of intramolecular exchange with DMSO catalysis [15]. The device shown in Figure 11 had little hysteresis effect and this new method assisted grain growth.


Figure 10. A schematic draw of the DMSO-assisted two-step MAPbI3 synthesis and film growth (Reprinted with permission) [76].
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Figure 11. SEM observations and J-V and EQE measurements. (A) Cross-sectional FESEM image of the device; (B) The comparison of FESEM surface images of FAPbI3-based layer formed on mp-TiO2 by IEP and conventional method. (C) (a) J-V curves of best device measured with a 40-ms scanning delay in reverse (from 1.2 V to 0 V) and forward (from 0 V to 1.2 V) modes under AM 1.5G illumination and (b) EQE spectra for best device and integrated JSC (Reprinted with permission) [15].
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Since two-step fabrication relies on a second MAI immersion/layer fabrication, the perovskite formation may not be as complete as in one single precursor solution. Someone considered that due to low temperature and short-time mixing (less than 1 min) during spin-coating, the diffusion of MAI into PbI2 lattice is not fast enough to form the perovskite crystals [78], or maybe only enough to form perovskite on the PbI2 surface, in which the perovskite layer blocked further diffusion of MAI to the inner part of PbI2 [79]. In general, the non-stoichiometry would have negative effect on the device efficiency. Another disadvantage comes from the partial dissolving of perovskite during the second step. Relevant researches have already proven that such mass migration speed in step two, as shown in Figure 12, could be very fast, depending on the properties of solvent [80]. The most direct result could be a rough surface with pinholes and voids, which could be easily formed during two-step process. This drawback could be resolved with addition of suitable chemical or use of low-concentration of MAI/FAI solution in order to improve the perovskite crystal growth condition.


Figure 12. Cross-sectional FESEM and images of dissolved PCSs obtained after 30 s immersion of spiro-MeOTAD/MALI/mp-TiO2/TCG in (a) non-polar; (b) polar protic and (c) polar aprotic solvents. Diethyl ether, water and DMF, respectively, were used as the representative solvents. Scale bars, 700 nm (Reprinted with permission) [80].
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3.1.3. Vapor-Assisted Solution Method


Vapor-assisted solution method could be considered as a modified two-step method. During the second step, vaporized MAI/FAI reacted with PbI2 to form perovskite phase after further film annealing. Ideally, this approach could guarantee a better contact between both precursors than in the solution. Furthermore, this method successfully avoids the partial perovskite dissolving especially during the dipping process. Therefore, the perovskite film stoichiometry could be also improved. Chen et al. [81] developed this approach by using as-synthesized MAI vapor (very small particles) applied on spin-coated PbI2 precursor under a 150 °C baking. The whole perovskite fabrication was done in glove box. They reported µm-scale grain formation, full phase transition and film coverage. Their best planar device revealed a PCE of 12.1%. The only disadvantage was the key process lasted for hours, rather than minutes for spin-coating. This approach was later modified with an as-grown perovskite layer, where a two-step as-deposited MAPbCl3−xIx on ITO/PEDOT:PSS substrate was then transferred into a closed petri dish container and heated together with MACl powder starting from 100 °C, which resulted a great PCE improvement of 15.1% with a 60-day stability [82]. Figure 13 offered a detail description about this process, where both upper and lower dish are linked with a Teflon ring to against the possible leakage. But other details such as the heat-treatment duration was not mentioned. Recently, a device with a planar structure of FTO/compact-TiO2/C60/(FA)x(MA)1−xPbI3/spiro-OMeTAD/Au was fabricated by heating FTO/c-TiO2/C60/PbI2 with uniformly-spread FAI and MAI powders in low vacuum under 170 °C for 30 min. By adjusting the powder ratio, they finally achieved a PCE of 16.48% [83]. The vapor-assisted PSC, as an advanced two-step approach, is getting close to the champion PSC devices and could be expected great breakthrough in the future, if the heat treatment time could be reduced in the same level of one-step/two-step methods.


Figure 13. (a) Schematic drawing of vapor-assisted perovskite deposition process; (b) actual lab set-up mentioned by Khadka et al. [82] (Reprinted with permission).
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3.1.4. Thermal Vapor Deposition


Thermal vapor deposition is among the most widely used methods in device-level thin film fabrication. The ease of source control (element/compound) and parameters such as deposition time and current/voltage guarantees film composition and surface uniformity. The first reported thermal-vapor-deposited perovskite was reported by Mitzi et al. [84]. Liu et al. [85] applied a co-evaporation with sources of MAI and PbCl2/PbI2 on rotated substrate and they fabricated a planar structure PSC of 15.4%. Figure 14 showed the evaporation system and film XRD spectra, where vacuum-deposited sample could also maintain same crystal structure after post-annealing. A further research unveiled that during co-evaporation, the reaction between PbCl2 and MAI tended to form PbI2 at first, then transferred into MAPbI3 under continuous MAI incorporation. Finally, the residual MAI would be found in a form of MAPbI3·xMAI [86]. This compositional change could be easily found out due to clear color change as shown in Figure 15. Dual-source thermal evaporation was also applied for fabricating other kinds of PSCs: Ma et al. [87] reported a CsPbIBr2 cell by using CsI and PbBr2 as evaporation sources. They acquired a PCE of 3.7% under forward scan and an efficiency of 4.7% under reverse scan. MAPbI3 compound source was also applied for vacuum thermal evaporation: Liang et al. [88] reported a successful MAPbI3 film fabrication by using their synthesized MAPbI3 crystals as the powder source. After a vacuum deposition under 500 W for 15 min with a 100 °C post-annealing for 20 min, they fabricated a smooth, densely-packed MAPbI3 thin film with great visible light absorption. However, no further device fabrication and characterization information was found. Also, those vacuum-evaporated devices rarely showed a PCE comparable with solution-based PSCs.


Figure 14. (a) Schematic draw of dual-source thermal evaporation and the organic source was methylammonium iodide (MAI) and PbCl2; (b) XRD spectra of a solution-processed perovskite film (blue) and vapor-deposited perovskite film (red) (Reprinted with permission) [85].
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Figure 15. (a) XRD spectra, (b) UV-vis absorbance and (c–g) photographs of the evaporated films at different MAI/PbI2 ratio (Reprinted with permission) [86].
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Although few reports agreed the thermal vapor deposition could be an effective method on PSC fabrication due to both low efficiency and extra vacuum preparation, which could increase the total cost. Thermal evaporation has its own advantages on forming fully-covered, pinhole-free films and a combination of thermal evaporation with conventional solution-based method may be expected with a better surface coverage, which equals to better device performance. Tao et al. [89] reported a PCE of 17.6% with the perovskite layer prepared by first evaporating a PbI2 layer and then spin-coating a MAI layer followed by annealing at 100 °C, 80 min, indicating future possibility for a hybrid fabrication approach. Besides, co-evaporated MAPbI3 was also sandwiched between organic charge transport layers. With a slow deposition rate of 0.5 Å/s, Malinkiewicz et al. [90] claimed a PCE of 12%. This approach was later modified by Calio et al. [91] through applying different charge transport layers above and below perovskite layer. Their best device achieved an efficiency close to 15%.



Other similar vacuum-based methods, such as layer-by-layer evaporation [92] and chemical vapor deposition [93] was also reported. Carefully monitoring evaporation profile is necessary to enhance film quality because of the low thermal stability of perovskite materials like MAPbI3. Due to higher complexity of those vacuum-based approach than most widely-used spin-coating, thermal vapor deposition is still not the mainstream for PSC fabrication.





3.2. Fabrication of Other Components in PSC


The n-type electron transport layer is directly relevant to the performance of PSC. The generated electron-hole pairs inside perovskite would experience charge separation at ETM/perovskite interface and form the output current. Proper ETM could also affect the growth and coverage of perovskite. A suitable ETM should have a proper band alignment: a low-enough lowest unoccupied molecular orbit (LUMO) or CBM between contact and perovskite to allow electron separation and transport, also an adequate band gap to block holes. The ETM should be also stable enough to protect the internal perovskite with HTM layer to avoid external damages especially from moisture.



Metal oxides, such as TiO2, are the most common used ETMs. Originated from the successful service in DSSC, TiO2 was the first ETM in PSC fabrication and is still used in many high-efficiency PSCs. Studies had shown TiO2 a perfect band structure and great electron mobility for both crystal and mesoporous structures [94]. According to different device structures, the TiO2 layer could be sorted as two-layer compact/mesoporous (mp) and one-layer planar structure. Mostly, the bi-layer TiO2 was fabricated by a sequential deposition where the dense compact layer was done by spray pyrolysis and the mp-TiO2 was fabricated by spin coating, which was also applied in one-layer TiO2 fabrication. But many alternative fabrication methods have also been demonstrated successful and corresponding results are summarized in Table 1. On considering the cost-effectiveness, most fabrication methods are non-vacuum based with a following high temperature annealing. However, TiO2 was also found to be responsible for UV instability of perovskite and a UV filter was suggested for further TiO2-based PSCs’ application [95]. Detail mechanism would be discussed later in this review. Besides, the PSCs with planar TiO2 were also mostly reported with a device hysteresis. Thus, more inorganic ETMs with similar band structure (ZnO, SnO2, BaSnO3, etc.) [11,17,96] are reported with great PCEs. N-type doping was also tried for band engineering in order to enhance the voltage potential and charge injection speed, which are directly relevant with Voc and Jsc. The current published record 21.2% PSC was fabricated with a Li-doped BaSnO3 (LBSO) [17]. Post-annealing treatments were also applied to improve surface morphology of ETM. Cojocaru et al. [97] reported an enhanced PCE with better TiO2 morphology through TiCl4 and UV treatment. Moreover, different ETM configurations, such as nano-rods [98], were also developed to enhance carrier transportation.


Table 1. A summary of PSCs’ performance with different ETM/HTM pairs, fabrication methods were also labelled. All materials without labelling were spin-coated.





	
ETM

	
HTM

	
Jsc (mA/cm2)

	
Voc (V)

	
FF

	
η (%)

	
Ref.






	
c-TiO2/mp-TiO2 (spray pyrolysis)

	
spiro-MeOTAD

	
22.3

	
1.06

	
0.77

	
18.1

	
[99]




	
CuSCN

	
21.8

	
1.1

	
0.692

	
16.6

	
[100]




	
FDT

	
22.7

	
1.15

	
0.76

	
20.2

	
[101]




	
PTAA

	
20.7

	
1.05

	
0.74

	
16.1

	
[102]




	
TiO2 (spray pyrolysis)

	
CuGaO2

	
21.66

	
1.11

	
0.77

	
18.51

	
[103]




	
TiO2 (spray pyrolysis)

	
PTAA

	
20.1

	
1.1

	
0.78

	
17.2

	
[104]




	
TiO2

	
spiro-MeOTAD

	
21.5

	
1.07

	
0.67

	
15.4

	
[105]




	
TiO2

	
P3HT

	
19.1

	
0.98

	
0.66

	
12.4

	
[106]




	
TiO2 (with screen printing, C60 treatment)

	
spiro-MeOTAD

	
19.6

	
0.84

	
0.72

	
11.7

	
[98]




	
TiO2 (ALD)

	
Carbon

	
19.53

	
0.965

	
0.4147

	
7.82

	
[107]




	
TiO2 (ALD)/PCBM

	
NiOx

	
19.7

	
0.93

	
0.477

	
8.8

	
[108]




	
TiO2 (sputtering)

	
PTAA

	
20.77

	
1.108

	
0.69

	
15.88

	
[109]




	
ZrO2/TiO2

	
spiro-MeOTAD

	
22.20

	
1.05

	
0.8

	
17.88

	
[110]




	
TiO2/BaTiO3 (TiCl4-treated)

	
spiro-MeOTAD

	
19.3

	
0.962

	
0.67

	
12.4

	
[111]




	
ZnO

	
spiro-MeOTAD

	
20.5

	
1.03

	
0.748

	
15.7

	
[11]




	
ZnO

	
P3HT

	
14.94

	
0.9329

	
0.6267

	
8.77

	
[112]




	
SnO2

	
spiro-OMeTAD

	
21.65

	
1.06

	
0.659

	
15.13

	
[96]




	
Nb-SnO2

	
22.36

	
1.08

	
0.727

	
17.57




	
La-BaSnO3

	
PTAA

	
23.4

	
1.12

	
0.813

	
21.3

	
[17]




	
PCBM (vacuum evaporation)

	
NiO (sputtering)

	
19.8

	
0.96

	
0.61

	
11.6

	
[113]




	
PCBM

	
NiO

	
18.74

	
1.04

	
0.689

	
13.43

	
[114]




	
NiO (sputtering)

	
20.33

	
1.08

	
0.69

	
15.15

	
[115]




	
PEDOT: PSS

	
18.9

	
0.972

	
0.8016

	
15.32

	
[116]




	
C60 (vacuum evaporation)

	
PTAA

	
22.96

	
1.11

	
N/A

	
19.5

	
[117]




	
TiO2/r-GO

	
Spiro-OMeTAD

	
22.0

	
0.93

	
0.707

	
14.5

	
[118]










Organic ETMs, as a replacement of metal oxides, started from C60 and PCBM [113,116]. However, the low PCE leaded to further modifications such as n-type doping, solution engineering and interface control. Also, pairs of organic-inorganic ETL had been reported in inverted mesoporous devices and recently, some self-synthesized n-type small organic molecules also appeared in high-efficiency PSCs. At present, organic ETMs only appeared in superstrate-configured devices. Although organic ETMs had been proved to be a suitable hole blocking layer, the possible low compact between those organic ETMs and ITO/FTO substrates could be the key to this issue.



The application of graphene/graphene oxide inside the ETM also started attracting research attention. Graphene has been demonstrated with great carrier mobility and transparency, which is expected to be an enhancement inside the typical ETM layers. Relevant research progress has achieved a device efficiency of 14.5% where small portion of r-GO was mixed with mesoporous TiO2 ETM. The application of graphene-related component in either ETM or HTM, although still has distance with top-record PSCs, still deserved more attention and efforts [118].



The first demonstrated HTM was spiro-MeOTAD as a replacement of corrosive liquid electrolyte. This compound could be found in many top-level PSCs. Meanwhile, other HTMs with suitable electronic structure such as PEDOT: PSS [116], PTAA [102], NiO [114], CuSCN [100] were also applied in the fabrication of PSC. Among them, PTAA is becoming an excellent replacement of spiro-OMeTAD and it is already appeared in the current record device. These reported HTMs could be summarized into three categories: organic polymers, inorganic compounds and small molecules. While typical HTM fabrication approaches are spin-coating, few reports also mentioned other methods including spray [119] and sputtering [115] for inorganic HTMs. Corresponding information was listed in Table 1.



Proper doping is also a common enhancement for HTMs as in ETMs. For spiro-MeOTAD, the widely accepted dopants are the bis(tri-uoromethylsulfonyl) amine lithium salt (Li-TFSI), 4-tertbutylpyridine (TBP) and a series of organic cobalt salt such as tris(2-(1H-pyrazol-1-yl) pyridine) cobalt(III) tris(hexafluorophosphate) (FK102) and tris(2-(1H-pyrazol-1-yl)-4-tert -butylpyridine)-cobalt(III)-tris(bis(tri-fluoromethylsulfonyl) imide) (FK209) [120,121]. However, Li-TFSI would have a side effect for perovskite degradation [122]. Other methods such as modifying the molecular structure could be found in other literature [123].



At present, PSCs without ETM or HTM part had also been developed to avoid the high cost of ETM and HTM synthesis and fabrication. In those designs, the ETM or HTM was replaced by contacts with modified band structure in order to extract carriers. The perovskite layer could also be blended to possibly enhance the charge separation. Delgado et al. [124] showed an ETM-free perovskite/fullerene cell with a PCE of 14.3%. Duan et al. [125] also applied an ultra-thin graphite as the hole-extractor and acquired a PCE of 14.07%. However, those designs still had a relative weak performance due to lack of efficient carrier extractor. However, they could be helpful to understand the solar cell physics inside the perovskite layer.





4. Challenges


4.1. Cell Stability


Since PSCs has already achieved comparable performance against the Si-based PVs, the biggest challenge for PSC is to demonstrate device stability to be a suitable alternative PV technology of silicon. Reports about some long-term device characterization have been published during recent years [126,127,128,129] but most of those tests are processed in a relatively mild condition. Even under those conditions, the performance of PSCs was still not optimistic. Meanwhile, various works discovered the instability of perovskite under moisture [130], oxygen [131] and UV [132]. The perovskite materials and fabrication process also contain traps for perovskite degradation [133]. Thus, more understanding and improvement are required to upscaling of the performance of PSCs.



4.1.1. Stability of Perovskite Materials


Crystal Structure Stability


Crystal structure and phase transition would largely affect material properties. For the ABX3 perovskite materials, its stability could be described with the well-known tolerance factor from Goldschmidt (1927):
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(1)




where, rA, rB and r0 are ionic radius for organic cation A, inorganic cation B and halide anion X, respectively. The ideal cubic perovskite structure would have a t = 1 and the cubic structure can only be acquired when 0.89 < t < 1 [6]. Lower tolerance factor means lower symmetry and the perovskite would shift to orthorhombic or tetragonal structure, which would give a negative effect on the opto-electronic properties of perovskite [134]. Most stable perovskite materials have to satisfy a 0.8 < t < 1 [135] and the most stable perovskite material is still MAPbI3, which has a tolerance factor slightly higher than 0.9 [136].



Besides the ion radius, the temperature and pressure could also affect perovskite phase transition: MAPbI3 was known to have a phase transition from cubic to tetragonal around 55 °C, which is within the operation temperature range of solar cells (−40 °C to 85 °C). Other researches about perovskite phase transition found that as temperature increased, the perovskite phase would transit from lower symmetry to higher symmetry (orthorhombic-tetragonal-cubic) [31,32]. Weber et al. also discovered MAPbBr3 and MAPbCl3 could maintain better symmetry than MAPbI3 from −40 °C to 85 °C and further details are shown in Table 2 [137]. However, PSCs solely with those two kinds of light absorbers have not shown significant high efficiency and mixed halide PSCs, even though claimed to have a better performance than MAPbI3, was still not comparable with the record devices. Another early study showed FAPbI3 had a better thermal stability. The corresponding phase transition temperature of FAPbI3 lied at 150 °C [138]. However, FAPbI3 is also reported highly unstable under moisture, which is also required during stability testing. Their work also reported a better thermal stability of an alternative MASnI3 and could maintain cubic phase under room temperature [139]. The pressure could also trigger perovskite phase transition, as another study claimed—as pressure increased as from 0 to 0.3 to 2.7 GPa, their MAPbI3 experienced phase transition of tetragonal-cubic-orthorhombic. After 4.7 GPa, the amorphous phase started appearing and lead a phase separation [140].


Table 2. Phase transition points of MAPbX3 (X=CI, Br, I) [137].













	Phase
	Temperature (K)
	Crystal System
	Space Group
	Lattice (pm)
	Volume (104 pm3)





	CH3NH3PbCl3-
	
	
	
	
	



	α
	>178.8
	cubic
	Pm3m
	a = 567.5
	182.8



	β
	172.9–178.8
	tetragonal
	P4/mmm
	a = 565.6
	180.1



	
	
	
	
	c = 563.0
	



	γ
	<172.9
	orthorhombic
	P2221
	a = 567.3
	357.0



	
	
	
	
	b = 562.8
	



	
	
	
	
	c = 1118.2
	



	CH3NH3PbBr3-
	
	
	
	
	



	α
	>236.9
	cubic
	Pm3m
	a = 590.1(1)
	206.3 (260 K)



	β
	155.1–236.9
	tetragonal
	I4/mcm
	a = 832.2(2)
	819.4



	
	
	
	
	c = 1183.2(7)
	



	γ
	149.5–155.1
	tetragonal
	P4/mcm
	a = 589.4(2)
	



	
	
	
	
	c = 586.1(2)
	



	δ
	<149.5
	orthorhombic
	Pna21
	a = 797.9(1)
	811.1



	
	
	
	
	b = 858.0(2)
	



	
	
	
	
	c = 1184.9(2)
	



	CH3NH3PbI3-
	
	
	
	
	



	α
	>327.4
	cubic
	Pm3m
	a = 632.85(4)
	253.5



	β
	162.2–327.4
	tetragonal
	I4/mcm
	a = 885.5(6)
	992.6



	
	
	
	
	c = 1265.9(8)
	



	γ
	<162.2
	orthorhombic
	Pna21
	a = 886.1(2)
	959.5



	
	
	
	
	b = 858.1(2)
	



	
	
	
	
	c = 1262.0(3)
	









Figure 16 showed a clear XRD pattern change along with pressure loading and unloading. A more detailed discussion focused on lower pressure range (<200 MPa) showed pressure has much less impact on MAPbX3 (X=Cl, Br, I) phase transition [141]. Therefore, perovskite is expected to be suitable for normal applications without high pressure.


Figure 16. XRD patterns of MAPbI3 during (a) compression and (b) decompression. The highlighted by broken-lined boxes are peaks for cubic phase; (c,d) are 2D XRD patterns at specific pressures (Reprinted with permission) [140].
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In addition, the temperature would also lead to perovskite decomposition. Pisoni et al. [142] reported the low thermal conductivity of MAPbI3 and equivalent results were calculated by other groups [143,144]. Moreover, since the decomposition of MAPbX3 (X=Cl, Br, I) was observed starting from 130 °C as new peaks shown in XRD patterns (see Figure 17) [145], those kinds of perovskite would most likely suffer an efficiency lost during the long-term device operation due to accumulated light-generated heat inside the light absorber.


Figure 17. XRD patterns of MAPbX3 after each isotherm in the non-ambient reactor chamber (Reprinted with permission) [145].
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Environmental Stability


During device operation, the moisture, oxygen from air and high-energy photon from UV would decompose the perovskite layer within adequate time duration. A possible reaction mechanism is shown below [146]. As described in Equations (2)–(5), with adequate moisture injected into perovskite, the MAI would be dissolved in moisture and left inorganic halide. The organic-halide would continue the hydrolysis and release HI. Since HI could be continually consumed with the assistance from oxygen and photon, the decomposition is irreversible with the existence of moisture. In addition, the perovskite itself and organic cation also tend to decompose under continuous sunlight exposure (Equations (6)–(9)). However, according to those decomposition mechanism, the oxygen itself could hardly trigger the perovskite decomposition and studies also suggested perovskite samples could be stored in dry and dark environment [13]. Aging test of PSCs under white light without UV source also demonstrated acceptable device stability [75].


[image: ]



(2)
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Studies have shown the relations between air humidity and perovskite decomposition: Kelly et al. [147] showed a positive correlation between humidity and PCE: as relative humidity (RH) increased from 50% to 80% in N2, the absorption at 410 nm drastically decreased. Their work also proved proper HTM layer could reduce the moisture invasion rate by maintaining a good coverage. However, such effect could only last few hours and later, the absorption would continue fast decreasing. Moreover, Han et al. [148] showed the perovskite degradation could be more severe with the corporation of humidity and temperature: as shown in Figure 17, the device PCE would be almost zeroed under AM 1.5G within 20 h under high temperature (55 °C in air and 85 °C for internal device temperature) and RH (80%).



Due to such side effects from oxygen, UV and mostly moisture, the preparation of perovskite was mostly processed inside the glove box. However, some studies showed that proper relative humidity. According to Gangishetty et al. [149], higher RH could be helpful on enlarging perovskite crystal sizes and better connections among crystals during two-step fabrication. A later study displayed a possible best combination of ambient humidity and annealing time during perovskite fabrication: Their best device was fabricated under 20% RH and 45 min post-annealing [150]. However, although the humidity-incorporated synthesis process had successfully produced a planar PSC with 19.3% PCE [151]. The moisture offered an extra solubility for organic precursors but also leaded a PCE decrease to less than 5% after few days under ambient atmosphere.



The degradation of perovskites by UV light could be originated at the TiO2 layer. With assistance from UV light, TiO2 could interact with I− and form I2 as in typical DSSCs. Therefore, it could destroy the perovskite crystal structure and strengthen the ionic reaction process of organic cations [152]. Moreover, a further study on UV degradation mechanism found with UV-AM 1.5G illumination cycle could partially recover the device performance. It is the hole traps accumulated on the perovskite/TiO2 interface and flowed into other charge transport layer due to insufficient charge neutralization [153]. Those traps were also reasons of lower Jsc during following AM 1.5G illumination. Figure 18 and Figure 19 displayed their UV-1 sun cycling illumination test results and possible mechanism. Thus, several methods had been tried to separate perovskite and TiO2. Besides the Sb2S3 inserting reported by Ito et al. [152]. Applying a UV-filter on the TCO substrate before TiO2 deposition and several reports also showed the stability improvement. However, compared with other two approaches, the UV-filter might trigger an unavoidable fabrication cost increasing due to extra materials cost. Since PSCs have to pass the more important aging tests under high temperature and high RH in order to pass the stability standards of thin film PV, the UV problem is currently not owing high priority.


Figure 18. (A) Stability testing of PSCs sealed by method A under three different environmental conditions; (B) comparison of the stability of devices sealed by method A and B and tested under environmental condition (iii). All PCEs are already normalized (Reprinted with permission) [148].
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Figure 19. UV degradation/recovery cycle of (a) PCE; (b) FF; (c) Rs and (d) Jsc for device subjected to a range of UV exposure and 1-sun illumination. Purple regions represent UV exposure and yellow regions represent 1-sun light illumination periods (Reprinted with permission) [153].
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Recently, the application of graphene and its relevant oxides in the PSCs has attracted attentions. Experiments already demonstrated that graphene, due to its outstanding carrier mobility and high transparency, could be able to enhance the device performance of PSCs [118]. The contribution of graphene to PSCs, however, could also contain the device stability and the extension of the lifetime of perovskite. Graphene/graphene-oxides could replace the HTM/ETM layer or inserted between perovskite and other HTM/ETM or between HTM/ETM and metal contacts. Due to the wetting transparency of 2D graphene [154], the decomposition of perovskite could be released. The small lattice size of 2D graphene could also resist the inter-diffusion of metal ions from either perovskite or metal contact [155]. Agresti et al. investigated the effect of graphene and graphene oxide [156] and their results indicated that the graphene oxide would join the perovskite decomposition reactions at high intensities. The graphene added inside the mesoporous TiO2, however, could improve the device stability under both dark and continuous illumination environment due to faster carrier transportation. They also suggested that PSCs with graphene/graphene oxide would suffer an efficiency and Jsc loss under prolonged thermal stress. Doped graphene could be also suitable for increasing the stability of PSCs. Bi et al. [157] reported a stable PSCs with its PCBM layer mixed with n-type graphene. The device efficiency was stable for 500 h at 85 °C. Thus, it can be expected that, due to excellent electrical properties of graphene, new contacts based on graphene rather than metals could be considered. Therefore, both device stability and efficiency might be improved.



Graphene is not the only 2D material that helps improving the stability of PSCs. Other materials that can be prepared by the mechanical exfoliation method has been also tried in PSCs to increase the device stability and efficiency. One investigation applied a combined structure of graphene/MoS2 at the interface of PCBM/Ag. The addition of this mixed interlayer increased the parameters of PSC as well as the stability of Jsc, Voc and PCE for the initial several hours [158]. Chen et al. even fabricated the typical carrier transport material, TiO2, into a 2D structure (2D atomic sheets of titania) [159]. Their results showed that the PCE of their PSCs could be comparable with the standard PSCs by optimizing the number of 2D-TiO2 layers. This new structure of TiO2, according to their investigation, could also reduce the UV absorption, which is one of the key to the decomposition of perovskite.





4.1.2. Stability of Other Components


Low stability of other components (HTM, electrodes and etc.), like lower-quality perovskite, would also largely minimized the device performance of PSC. Since most developed HTM candidates are organic compounds, such as the most typical spiro-OMeTAD based HTM series, the temperature control becomes a vital factor. A detailed report form Wu et al. [160] showed that, although low temperature annealing could enhance the formation and crystallization of spiro-OMeTAD, the transfer of additive Li-TFSI to the TiO2 surface and the evaporation of 4-tert-butylpyridine (TBP), also another common additive, would both compress the device voltage potential by changing fermi level of TiO2. Therefore, the device acquired lower Voc. In addition, spiro-OMeTAD, as discussed by Kelly et al. [147], may suffer from cracking during the fabrication process. Thus, the internal perovskite would be easily exposed and device degradation may be accelerated. The mechanism of UV degradation and recovery of PSCs is given in Figure 20 [153].


Figure 20. Schematic draw of the proposed mechanisms for UV degradation and recovery of PSCs (Reprinted with permission) [153].
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As a consequence, other stable HTM layers including o,p-dimethoxyphenyl-based biphenyl (HL-1) and carbazole (HL-2) [161], single-walled carbon nanotube (SWCNT) enhancement [162], tetrathiafulvalene derivative (TTF-1) [96], poly(3-hexylthiophene) (P3HT) [163] had been developed and literatures showed great progress on device stability. Recently, a French group reported a stable PSC with CuSCN inserted between Spiro-OMeTAD and gold electrode. The device efficiency only lost 5% after 1000 h running under 60 °C in nitrogen atmosphere. Another test under more realistic environment (85 °C, 1000 h, air, dark) showed a 15% efficiency loss. The thin layer of CuSCN was believed to block the metal diffusion, which is the reason for device degradation [164]. Although more realistic testing of durability (e.g., 85 °C, 1000 h and high humidity) is still necessary before the industrial application of perovskite, this result showed a noteworthy progress of the stability of PSCs. In addition, a hydrophobic HTM could be another plus due to the irreversible perovskite corrosion from the moisture.





4.2. J-V Hysteresis


Another barrier for PSC’s further development is the J-V hysteresis, which was observed when applying different voltage sweeping rates and directions [165]. The best efficiency results are usually acquired at Voc rather than Jsc, Pmax or under reverse bias condition. Two major categories of hysteresis have been found: normal and invert hysteresis. The normal hysteresis leads to a higher efficiency during reversed bias scan (voltage decreases) but lower efficiency during the opposite scan. The inverted hysteresis goes exactly the opposite way. These two kinds of hysteresis could exist together or appear separately depending on the applied pre-poling bias [166]. Different voltage sweeping rate would also change efficiency results and these changes of device parameters are mostly random. Such phenomenon is also not relevant with device structure. Therefore, rather than other kind of PV technology, standardizing PSC measurement becomes a challenging task and even those reported progress, including both PCE and device stability breakthrough, might become questionable. Although recent reports claimed that their devices displayed a low or little J-V hysteresis during PCE measurements [167,168] although this J-V hysteresis is still noticeable during most of the PSC characterizations.



The mechanism of hysteresis is still unknown but several hypotheses had been established. Ferroelectric polarization [169], ion migration [170], charge trapping [171] and capacitive effects [172]. Several reviews already offered intensive discussion about those hypothesis [173,174]. Recent research starts to support that both ion migration and charge trapping could the reasons for the J-V hysteresis and relevant detail discussion can be found elsewhere [175]. Since J-V hysteresis had such negative effect, improved PCE measurements technique was suggested [176,177].





5. Toxicity


The toxicity of perovskite comes from the widely-used lead inside MAPbI3 and environmental concerns would be appeared especially on the issue of large-scale fabrication waste treatment. Although calculations already showed the possible contamination from perovskite would be relatively insignificant compared with other lead pollutions [178] and the production of PSC could be able to use waste lead from daily waste [179], studies on lead-free PSCs cannot be neglected. Tin was the first well-studied replacement metal cation since Sn and Pb are both carbon periodic elements, thus, MASnI3 is believed to be able to maintain the same crystal structure as MAPbI3. The fact, as shown by Noel et al. [180], is that Sn2+ could be easily oxidized to Sn4+, leading a weak device performance. Other trials of introducing organic/inorganic additives to retard tin oxidation had also been reported [181,182] but their device PCE was still not promising.



Due to this chemical instability of pure tin-based perovskite materials, the hybrid Sn-Pb metal cations in perovskite could be more realistic and the more advanced PCE also demonstrated this idea: Zhu et al. [183] reported a remarkable PCE of 15.2% with a light absorber of MASn0.25Pb0.75I3 and a suitable control of DMSO additive and a PCBM:C60 electron transport layer. Another study also indicated MASn1-xPbxI3 could have an electronic structure closer to MASnI3 than MAPbI3 even with few Sn replacement [184]. All those results indicated that from the view of reducing process toxicity, tin is not a perfect candidate to totally replace lead due to its chemical instability.



Another intensive-studied candidate is the neighbor of lead: bismuth. Bi could form a stable (MA)3Bi3I9 (MABI) perovskite material. Its crystal structure was shown in Figure 21 [185]. Similar as Sn-doped MAPbI3, MABI also showed better stability under ambient air for 1000 h [186]. The first reported MABI-based perovskite only reached a low efficiency of 0.12% with a relatively low Voc of 0.68 V and an extremely low Jsc of 0.52 mA/cm2 [187]. At present, the Bi-based perovskite could only able to reach an efficiency of 0.42% due to low Jsc [188]. A recent study investigated the absorption and recombination dynamics of excitations inside the MABI crystals: the I(5p)-Bi(6p), I(6p) excitation [189] is localized in (BI3)- units, resulting little free carriers released at the MABI/TiO2 interface [190]. Therefore, they suggested considering bulk-heterojunction structure with nano-scale MABI crystals in order to possibly enhance the low Jsc. Some other reports focused on Bi-based halide double perovskites such as Cs2AgBiX6 (X=Br, Cl) [191] and (MA)2KBiCl6 [192]. But no effective devices had been reported and deep understanding of optoelectronic properties are still suggested. Thus, Bi-based PSC is still not promising at present, even compared with Sn.


Figure 21. Crystal structure of (CH3NH3)3Bi2I9 (MBI): (a) local structure of the (Bi2I9)3− anion; (b) cation and anion positions in the unit cell (Reprinted with permission) [185].
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Other types of lead-free perovskites such as CsGeI3 [193], MAGeX3 (X: Cl, Br, I) [194], MASrI3 [195], MACaI3 [196] had also been reported but those materials are either not suitable for visible light absorption due to large band gap [195,196], or only showed low efficiency of less than 1%. Most of the material characterizations are still in lack. Thus, non-toxic perovskite development and corresponding fabrication of PSCs still has a long way before replacing the position of lead.




6. Discussion and Future Research Efforts


The above research efforts indicated that the PSCs will have a greater potential for commercialization if the stability of cells can be improved. The high efficiency and low-cost manufacturability to harvest terawatt levels by solar energy are very attractive with this next generation solar cell technology. The cell degradability is identified as due to primarily the exposure of perovskite layer to water vapor and heating effects, which change the active phase of lead-based perovskites. There are numerous efforts to improve the stability of these solar cells by many groups worldwide. Development of perovskite layers using other metals has been tried with poor success to address the toxic issue and stabilizing the perovskite structures. Also, cell passivation has been investigated to stabilizing the cells by prevention of perovskite layer to the ambient. Another approach is to reduce the heating effect by utilizing IR absorbance layers or external components. Also, integration of few of these technologies may improve the stability of this solar cell technology from current stability records of around six months.



Also, it is important to address the harmfulness of lead-based compounds in PSCs. While development of other metal-based perovskite is also interested in the viewpoint of environmental protection, their effectiveness does not reach the efficiency of lead-based compounds. Furthermore, better recycling methodologies are important to prevent the transfer of lead compounds into the environments. Similar environmental issues have been addressed for CdTe solar cells and thus, it is possible to utilize already existing infrastructure for recycling and environmental protection issues. The environmental protection authority regulates the lead content of drinking water below 0.015 g/L. Authors believe that these areas can be further improved by research efforts.



It is also important to address that, due to the transparent nature of some of the HTM/ETM and the electrodes, the PSCs could be fabricated with a structure that could absorb sunlight from both directions. An investigation in 2016 already found out that, with the help of transparent solution-processed silver nanowires (AgNWs), an efficiency of more than 11% and 7.53% could be observed with front and back illumination, respectively [197]. Together with passivation of PCSs using transparent insulators such as polymers, the cell performance as well as durability may be enhanced. Thus, investigation on the bi-facial PSCs could also be another research direction for the improvements of PSCs.




7. Conclusions


The PSC has experienced a significant improvement from 3.8% to 22.1% since 2012 and the perovskite-based tandem cell has already achieved 26.7%, creating a new record in history of PV technology. Numerous research efforts on both PSC efficiency improvements and deeper understanding about perovskite materials’ outstanding electrical and optical properties, such as largely-tunable band gaps for light absorption, high absorption coefficients, large carrier diffusion lengths, great carrier mobility, have been established during the past few years. The current PSCs already combined structural advantages of both DSSCs and thin film PV since the discovery of perovskite and become a new challenger for Si-based PV dominant market share, not only due to record 22.1% efficiency for small area but also comparable larger-area device efficiency. The vast discovery and successful application of organic/inorganic charge transport materials and blocking layers also assisted the formation and crystallization of perovskites and helped charge transfers at the interfaces. Many kinds of PSC fabrication approaches have also been developed and most of them could fall into four major categories: one-step; two-step; vapor-assisted solution method; and thermal vapor deposition with a top PCE of 22.1% (current record), 20.26%, 16.48% and 17.6%, respectively. Also, numerous hybrid perovskite fabrication process was also invented, which is uncommon for other types of PVs. According to current progress, it is reasonable that the next high-efficiency PSC may be still based on solution-based approaches (e.g., spin coating) with a mixed perovskite phase, as applied in the record 22.1% and the stable 21.2% devices.



The PSCs still have great barriers for further improvements. The biggest problem comes with the natural instability of perovskite materials, especially the most widely-used MAPbI3. The phase transition within the range of solar cell operation temperature brought problems on device usage. The instability with varying temperature and pressure leads extra concerns for device fabrication. The moisture, UV light and oxygen would also bring irreversible damage to the perovskite layers, which largely reduced the device stability and commercialization of PSC. The efforts such as elemental adjusting, device sealing and extra blocking layer inside the device had been tried to solve these problems but more stability tests under harsh environments are strongly suggested for PSCs to reach the required standard.



Other drawbacks such as J-V hysteresis and toxicity of lead made it difficult to further improve the performance of PSCs. While the mechanism of hysteresis was still inconclusive, the lead toxic has attracted many research efforts on considering the non-toxic replacement pf perovskite materials. Research work found out that all candidates, from the neighborhood Sn, Bi and new candidates as Cs, Ge, suffered a great loss of Jsc, which directly leads to the huge loss in PCE. A more complicated replacement profile might be the solution of lead-free PSCs. Although efforts claimed low hysteresis in some PSCs, deep theoretical understanding and standardized testing protocol is suggested for PSCs.



Perovskite, compared with other PV techniques (thin film, organic, dye-sensitized), could be the best alternative solar absorber. As efforts on better perovskite layer formation and longer device durability, even the lead-based PSCs could be able to share a certain part of PV market. Such trend could influence further research and development (R&D) efforts towards higher-stable and non-toxic devices.







Author Contributions


Both authors have analyzed the literature and prepared this manuscript. This manuscript was prepared only for the educational purpose.




Acknowledgments


One of the authors, Zhengqi Shi, would like to acknowledge the financial assistance given by the University of Toledo for this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
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] [PubMed]

	2. 
Saliba, M.; Matsui, T.; Seo, J.Y.; Domanski, K.; Correa-Baena, J.P.; Nazeeruddin, M.K.; Zakeeruddin, S.M.; Tress, W.; Abate, A.; Hagfeldt, A.; et al. Cesium-containing triple cation PSCs: Improved stability, reproducibility and high efficiency. Energy Environ. Sci. 2016, 9, 1989–1997. [Google Scholar] [CrossRef] [PubMed]

	3. 
Yoshikawa, K.; Kawasaki, H.; Yoshida, W.; Irie, T.; Konishi, K.; Nakano, K.; Uto, T.; Adachi, D.; Kanematsu, M.; Uzu, H.; et al. Silicon heterojunction solar cell with interdigitated back contacts for a photoconversion efficiency over 26%. Nat. Energy 2017, 2, 17032. [Google Scholar] [CrossRef]

	4. 
Jeon, N.J.; Noh, J.H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional engineering of perovskite materials for high-performance solar cells. Nature 2015, 517, 476–480. [Google Scholar] [CrossRef] [PubMed]

	5. 
Park, N.G. PSCs: An emerging photovoltaic technology. Mater. Today 2015, 18, 65–72. [Google Scholar] [CrossRef]

	6. 
Green, M.A.; Baillie, A.H.; Snaith, H.J. The emergence of PSCs. Nat. Photonics 2014, 8, 506–514. [Google Scholar] [CrossRef]

	7. 
Rangel-Cárdenas, J.; Sobral, H. Optical absorption enhancement in CdTe thin films by microstructuration of the silicon substrate. Materials 2017, 10, 607. [Google Scholar] [CrossRef] [PubMed]

	8. 
Shi, Z.; Jayatissa, A.H. One-pot hydrothermal synthesis and fabrication of kesterite Cu2ZnSn(S,Se)4 thin films. Prog. Nat. Sci. Mater. Int. 2017, 27, 550–555. [Google Scholar] [CrossRef]

	9. 
Kumar, M.H.; Yantara, N.; Dharani, S.; Graetzel, M.; Mhaisalkar, S.; Boix, P.P.; Mathews, N. Flexible, low-temperature, solution processed ZnO-based perovskite solid state solar cells. Chem. Commun. 2013, 49, 11089–11091. [Google Scholar] [CrossRef] [PubMed]

	10. 
Shin, S.S.; Yang, W.S.; Noh, J.H.; Suk, J.H.; Jeon, N.J.; Park, J.H.; Kim, J.S.; Seong, W.M.; Seok, S.I. High-performance flexible PSCs exploiting Zn2SnO4 prepared in solution below 100 °C. Nat. Commun. 2015, 6, 7410. [Google Scholar] [CrossRef] [PubMed]

	11. 
Liu, D.; Kelly, T.L. PSCs with a planar heterojunction structure prepared using room-temperature solution processing techniques. Nat. Photonics 2014, 8, 133–138. [Google Scholar] [CrossRef]

	12. 
Im, J.H.; Lee, C.R.; Lee, J.W.; Park, S.W.; Park, N.G. 6.5% efficient perovskite quantum-dot-sensitized solar cell. Nanoscale 2011, 3, 4088–4093. [Google Scholar] [CrossRef] [PubMed]

	13. 
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] [PubMed]

	14. 
Wang, J.T.W.; Ball, J.M.; Barea, E.M.; Abate, A.; Alexander-Webber, J.A.; Huang, J.; Saliba, M.; Mora-Sero, I.; Bisquert, J.; Snaith, H.J. Low-temperature processed electron collection layers of graphene/TiO2 nanocomposites in t hin film PSCs. Nano Lett. 2014, 14, 724–730. [Google Scholar] [CrossRef] [PubMed]

	15. 
Yang, W.S.; Noh, J.H.; Jeon, N.J.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. High-performance photovoltaic perovskite layers fabricated through intramolecular exchange. Science 2015, 348, 1234–1237. [Google Scholar] [CrossRef] [PubMed]

	16. 
Cao, J.; Wu, B.; Chen, R.; Wu, Y.; Hui, Y.; Mao, B.W.; Zheng, N. Efficient, hysteresis-free and stable perovskite solar cells with ZnO as electron-transport layer: effect of surface passivation. Adv. Mater. 2018, 30, 1705596. [Google Scholar] [CrossRef] [PubMed]

	17. 
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 PSCs. Science 2017, 356, 167–171. [Google Scholar] [CrossRef] [PubMed]

	18. 
Ramírez Quiroz, C.O.; Shen, Y.; Salvador, M.; Forberich, K.; Schrenker, N.; Spyropoulos, G.D.; Heumüller, T.; Wilkinson, B.; Kirchartz, T.; Spiecker, E.; et al. Balancing electrical and optical losses for efficient 4-terminal Si–PSCs with solution processed percolation electrodes. J. Mater. Chem. A 2018, 6, 3583. [Google Scholar] [CrossRef]

	19. 
Leo, K. Perovskite photovoltaics: signs of stability. Nat. Nanotechnol. 2015, 10, 574–575. [Google Scholar] [CrossRef] [PubMed]

	20. 
Grånäs, O.; Vinichenko, D.; Kaxiras, E. Establishing the limits of efficiency of PSCs from first principles modeling. Sci. Rep. 2016, 6, 36108. [Google Scholar] [CrossRef] [PubMed]

	21. 
Berhe, T.A.; Su, W.N.; Chen, C.H.; Pan, C.J.; Cheng, J.H.; Chen, H.M.; Tsai, M.C.; Chen, L.Y.; Dubale, A.A.; Hwang, B.J. Organometal halide PSCs: Degradation and stability. Energy Environ. Sci. 2016, 9, 323–356. [Google Scholar] [CrossRef]

	22. 
Chen, W.; Wu, Y.; Yue, Y.; Liu, J.; Zhang, W.; Yang, X.; Chen, H.; Bi, E.; Ashraful, I.; Grätzel, M.; Han, L. Efficient and stable large-area PSCs with inorganic charge extraction layers. Science 2015, 350, 944–948. [Google Scholar] [CrossRef] [PubMed]

	23. 
Unger, E.L.; Hoke, E.T.; Bailie, C.D.; Nguyen, W.H.; Bowring, A.R.; Heumüller, T.; Christoforo, M.G.; McGehee, M.D. Hysteresis and transient behavior in current–voltage measurements of hybrid-perovskite absorber solar cells. Energy Environ. Sci. 2014, 7, 3690–3698. [Google Scholar] [CrossRef]

	24. 
Osterwald, C.R.; McMahon, T.J. History of accelerated and qualification testing of terrestrial photovoltaic modules: A literature review. Prog. Photovolt Res. Appl. 2009, 17, 11–33. [Google Scholar] [CrossRef]

	25. 
Zhou, D.; Zhou, T.; Tian, Y.; Zhu, X.; Tu, Y. Perovskite-based solar cells: Materials, methods and future perspectives. J. Nanomater. 2018, 2018, 8148072. [Google Scholar] [CrossRef]

	26. 
Zuo, C.; Ding, L. Lead-free perovskite materials (NH4)3Sb2IxBr9−x. Angew. Chem. Int. Ed. 2017, 56, 6528–6532. [Google Scholar] [CrossRef] [PubMed]

	27. 
Hao, F.; Stoumpos, C.C.; Cao, D.H.; Chang, R.P.H.; Kanatzidis, M.G. Lead-free solid-state organic–inorganic halide PSCs. Nat. Photonics 2014, 8, 489–494. [Google Scholar] [CrossRef]

	28. 
Sun, Y.Y.; Shi, J.; Lian, J.; Gao, W.; Agiorgousis, M.L.; Zhang, P.; Zhang, S. Discovering lead-free perovskite solar materials with a split-anion approach. Nanoscale 2016, 8, 6284–6289. [Google Scholar] [CrossRef] [PubMed]

	29. 
Conings, B.; Baeten, L.; De Dobbelaere, C.; D’Haen, J.; Manca, J.; Boyen, H. Perovskite-based hybrid solar cells exceeding 10% efficiency with high reproducibility using a thin film sandwich approach. Adv. Mater. 2014, 26, 2041–2046. [Google Scholar] [CrossRef] [PubMed]

	30. 
Tan, K.W.; Moore, D.T.; Saliba, M.; Sai, H.; Estroff, L.A.; Hanrath, T.; Snaith, H.J.; Wiesner, U. Thermally induced structural evolution and performance of mesoporous block copolymer-directed alumina PSCs. ACS Nano 2014, 8, 4730–4739. [Google Scholar] [CrossRef] [PubMed]

	31. 
Jain, A.; Castelli, I.E.; Hautier, G.; Bailey, D.H.; Jacobson, K.W. Performance of genetic algorithms in search for water splitting perovskites. J. Mater. Sci. 2013, 48, 6519–6534. [Google Scholar] [CrossRef]

	32. 
Kawamura, Y.; Mashiyama, H.; Hasebe, K. Structural study on cubic–tetragonal transition of CH3NH3PbI3. J. Phys. Soc. Jpn. 2002, 71, 1694–1697. [Google Scholar] [CrossRef]

	33. 
Whitfield, P.S.; Herron, N.; Guise, W.E.; Page, K.; Cheng, Y.Q.; Milas, I.; Crawford, M.K. Structures, Phase transitions and tricritical behavior of the hybrid perovskite methyl ammonium lead iodide. Sci. Rep. 2016, 6, 35685. [Google Scholar] [CrossRef] [PubMed]

	34. 
Bischak, C.G.; Hetherington, C.L.; Wu, H.; Aloni, S.; Ogletree, D.F.; Limmer, D.T.; Ginsberg, N.S. Origin of reversible photoinduced phase separation in hybrid perovskites. Nano Lett. 2017, 17, 1028–1033. [Google Scholar] [CrossRef] [PubMed]

	35. 
Korshunova, K.; Winterfeld, L.; Beenken, W.J.D.; Runge, E. Thermodynamic stability of mixed Pb:Sn methyl-ammonium halide perovskites. Phys. Status Solidi 2016, 253, 1907–1915. [Google Scholar] [CrossRef]

	36. 
Zhou, Y.; Huang, F.; Cheng, Y.; Weale, A.G. Photovoltaic performance and the energy landscape of CH3NH3PbI3. Phys. Chem. Chem. Phys. 2015, 17, 22604–22615. [Google Scholar] [CrossRef] [PubMed]

	37. 
Brenner, T.M.; Egger, D.A.; Kronik, L.; Hodes, G.; Cahen, D. Hybrid organic—Inorganic perovskites: Low-cost semiconductors with intriguing charge-transport properties. Nat. Rev. Mater. 2016, 1, 1–16. [Google Scholar] [CrossRef]

	38. 
Tanaka, K.; Takahashi, T.; Ban, T.; Kondo, T.; Uchida, K.; Miura, N. Comparative study on the excitons in lead-halide-based perovskite-type crystals CH3NH3PbBr3 CH3NH3PbI3. Solid State Commun. 2003, 127, 619–623. [Google Scholar] [CrossRef]

	39. 
Wehrenfennig, C.; Eperon, G.E.; Johnston, M.B.; Snaith, H.J.; Herz, L.M. High charge carrier mobilities and lifetimes in organolead trihalide perovskites. Adv. Mater. 2014, 26, 1584–1589. [Google Scholar] [CrossRef] [PubMed]

	40. 
Brandt, R.; Stevanović, V.; Ginley, D.; Buonassisi, T. Identifying defect-tolerant semiconductors with high minority-carrier lifetimes: Beyond hybrid lead halide perovskites. MRS Commun. 2015, 5, 265–275. [Google Scholar] [CrossRef]

	41. 
Oga, H.; Saeki, A.; Ogomi, Y.; Hayase, S.; Seki, S. Improved understanding of the electronic and energetic landscapes of PSCs: High local charge carrier mobility, reduced recombination and extremely shallow traps. J. Am. Chem. Soc. 2014, 136, 13818–13825. [Google Scholar] [CrossRef] [PubMed]

	42. 
Savenije, T.J.; Ponseca, C.S., Jr.; Kunneman, L.; Abdellah, M.; Zheng, K.; Tian, Y.; Zhu, Q.; Canton, S.E.; Scheblykin, I.G.; Pullerits, T.; et al. Thermally activated exciton dissociation and recombination control the carrier dynamics in organometal halide perovskite. J. Phys. Chem. Lett. 2014, 5, 2189–2194. [Google Scholar] [CrossRef] [PubMed]

	43. 
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] [PubMed]

	44. 
Diffusion Length-PV Education. Org. Available online: http://www.pveducation.org/pvcdrom/diffusion-length (accessed on 2 May 2018).

	45. 
GaAs-Gallium Arsenide Electrical properties. Available online: http://www.ioffe.ru/SVA/NSM/Semicond/GaAs/electric.html (accessed on 2 May 2018).

	46. 
Handloser, K.; Giesbrecht, N.; Bein, T.; Docampo, P.; Handloser, M.; Hartschuh, A. Contactless visualization of fast charge carrier diffusion in hybrid halide perovskite thin films. ACS Photonics 2016, 3, 255–261. [Google Scholar] [CrossRef]

	47. 
Ciesielski, R.; Schäfer, F.; Hartmann, N.F.; Giesbrecht, N.; Bein, T.; Docampo, P.; Hartschuh, A. Grain boundaries act as solid walls for charge carrier diffusion in large crystal MAPI thin films. ACS Appl. Mater. Interfaces 2018, 10, 7974–7981. [Google Scholar] [CrossRef] [PubMed]

	48. 
Liu, X.; Zhao, W.; Cui, H.; Xie, Y.; Wang, Y.; Xu, T.; Huang, F. Organic–inorganic halide perovskite based solar cells-revolutionary progress in photovoltaics. Inorg. Chem. Front. 2015, 2, 315. [Google Scholar] [CrossRef]

	49. 
Eperon, G.E.; Burlakov, V.M.; Docampo, P.; Goriely, A.; Snaith, H.J. Morphological control for high performance, solution-processed planar heterojunction PSCs. Adv. Funct. Mater. 2014, 24, 151–157. [Google Scholar] [CrossRef]

	50. 
Anaraki, E.H.; Kermanpur, A.; Steier, L.; Domanski, K.; Matsui, T.; Tress, W.; Saliba, M.; Abate, A.; Gratzel, M.; Hagfeldt, A.; et al. Highly efficient and stable planar PSCs by solution-processed tin oxide. Energy Environ. Sci. 2016, 9, 3128–3134. [Google Scholar] [CrossRef]

	51. 
Correa-Baena, J.-P.; Saliba, M.; Buonassisi, T.; Grätzel, M.; Abate, A.; Tress, W.; Hagfeldt, A. Promises and challenges of perovskite solar cells. Science 2017, 358, 739–744. [Google Scholar] [CrossRef] [PubMed]

	52. 
Cui, J.; Yuan, H.; Li, J.; Xu, X.; Shen, Y.; Lin, H.; Wang, M. Recent progress in efficient hybrid lead halide PSCs. Sci. Technol. Adv. Mater. 2015, 16, 036004. [Google Scholar] [CrossRef] [PubMed]

	53. 
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 PSCs improves photovoltaic performance. Science 2016, 354, 206–209. [Google Scholar] [CrossRef] [PubMed]

	54. 
Saliba, M.; Correa-Baena, J.-P.; Grätzel, M.; Hagfeldt, A.; Abate, A. Perovskite solar cells: From the atomic level to film quality and device performance. Angew. Chem. Int. Ed. 2018, 57, 2554–2569. [Google Scholar] [CrossRef] [PubMed]

	55. 
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 PSCs. Nat. Mater. 2014, 13, 897–903. [Google Scholar] [CrossRef] [PubMed]

	56. 
Rong, Y.; Venkatesan, S.; Guo, R.; Wang, Y.; Bao, J.; Li, W.; Fan, Z.; Yao, Y. Critical kinetic control of non-stoichiometric intermediate phase transformation for efficient PSCs. Nanoscale 2016, 8, 12892. [Google Scholar] [CrossRef] [PubMed]

	57. 
Guo, X.; McCleese, C.; Kolodziej, C.; Samia, A.C.S.; Zhao, Y.; Burda, C. Identification and characterization of the intermediate phase in hybrid organic–inorganic MAPbI3 perovskite. Dalton Trans. 2016, 45, 3806. [Google Scholar] [CrossRef] [PubMed]

	58. 
Guo, Y.; Shoyama, K.; Sato, W.; Matsuo, Y.; Inoue, K.; Harano, K.; Liu, C.; Tanaka, H.; Nakamura, E. Chemical pathways connecting lead(II) iodide and perovskite via polymeric plumbate(II) fiber. J. Am. Chem. Soc. 2015, 137, 15907–15914. [Google Scholar] [CrossRef] [PubMed]

	59. 
Ren, Y.; Liu, S.; Duan, B.; Xu, Y.F.; Li, Z.Q.; Huang, Y.; Hu, L.H.; Zhu, J.; Dai, S.Y. Controllable intermediates by molecular self-assembly for optimizing the fabrication of large-grain perovskite films via one-step spin-coating. J. Alloys Compd. 2017, 705, 205–210. [Google Scholar] [CrossRef]

	60. 
Liang, P.W.; Liao, C.Y.; Chueh, C.C.; Zuo, F.; Williams, S.T.; Xin, X.K.; Lin, J.; Jen, A.K.Y. Additive enhanced crystallization of solution-processed perovskite for highly efficient planar-heterojunction solar cells. Adv. Mater. 2014, 26, 3748–3754. [Google Scholar] [CrossRef] [PubMed]

	61. 
Chen, Y.; Zhao, Y.; Liang, Z. Non-thermal annealing fabrication of efficient planar PSCs with inclusion of NH4Cl. Chem. Mater. 2015, 27, 1448–1451. [Google Scholar] [CrossRef]

	62. 
Heo, J.H.; Song, D.H.; Han, H.J.; Kim, S.Y.; Kim, J.H.; Kim, D.; Shin, H.W.; Ahn, T.K.; Wolf, C.; Lee, T.W.; et al. Planar CH3NH3PbI3 PSCs with constant 17.2% average power conversion efficiency irrespective of the scan rate. Adv. Mater. 2015, 27, 3424–3430. [Google Scholar] [CrossRef] [PubMed]

	63. 
Zhao, Y.; Zhu, K. Efficient planar PSCs based on 1.8 eV band gap CH3NH3PbI2Br nanosheets via thermal decomposition. J. Am. Chem. Soc. 2014, 136, 12241–12244. [Google Scholar] [CrossRef] [PubMed]

	64. 
Zhang, Y.; Grancini, G.; Feng, Y.; Asiri, A.M.; Nazeeruddin, M.K. Optimization of stable quasi-cubic FAxMA1−xPbI3 perovskite structure for solar cells with efficiency beyond 20%. ACS Energy Lett. 2017, 2, 802–806. [Google Scholar] [CrossRef]

	65. 
Ansari, M.I.H.; Qurashi, A.; Nazeeruddin, M.K. Frontiers, opportunities and challenges in perovskite solar cells: A critical review. J Photochem. Photobiol. C 2018, 35, 1–24. [Google Scholar] [CrossRef]

	66. 
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]

	67. 
Pellet, N.; Gao, P.; Gregori, G.; Yang, T.Y.; Nazeeruddin, M.K.; Maier, J.; Grätzel, M. Mixed-organic-cation perovskite photovoltaics for enhanced solar-light harvesting. Angew. Chem. Int. Ed. 2014, 53, 3151–3157. [Google Scholar] [CrossRef] [PubMed]

	68. 
Back, H.; Kim, J.; Kim, G.; Kim, T.K.; Kang, H.; Kong, J.; Lee, S.H.; Lee, K. Interfacial modification of hole transport layers for efficient large-area PSCs achieved via blade-coating. Sol. Energy Mater. Sol. Cells 2016, 144, 309–315. [Google Scholar] [CrossRef]

	69. 
Chen, H.; Wei, Z.; Zheng, X.; Yang, S. A scalable electrodeposition route to the low-cost, versatile and controllable fabrication of PSCs. Nano Energy 2015, 15, 216–226. [Google Scholar] [CrossRef]

	70. 
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 PSCs. J. Mater. Chem. A 2015, 3, 9092–9097. [Google Scholar] [CrossRef]

	71. 
Hwang, K.; Jung, Y.; Heo, Y.; 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 PSCs. Adv. Mater. 2015, 27, 1241–1247. [Google Scholar] [CrossRef] [PubMed]

	72. 
Bi, D.; El-Zohry, A.M.; Hagfeldt, A.; Boschloo, G. Improved morphology control using a modified two-step method for efficient PSCs. ACS Appl. Mater. Interfaces 2014, 6, 18751–18757. [Google Scholar] [CrossRef] [PubMed]

	73. 
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. 2014, 126, 10056–10061. [Google Scholar] [CrossRef]

	74. 
Liang, K.N.; Mitzi, D.B.; Prikas, M.T. Synthesis and characterization of organic-inorganic perovskite thin films prepared using a versatile two-step dipping technique. Chem. Mater. 1998, 10, 403–411. [Google Scholar] [CrossRef]

	75. 
Burschka, J.; Pellet, N.; Moon, S.J.; Baker, R.H.; 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]

	76. 
Li, W.; Fan, J.; Li, J.; Mai, Y.; Wang, L. Controllable grain morphology of perovskite absorber film by molecular self-assembly toward efficient solar cell exceeding 17%. J. Am. Chem. Soc. 2015, 137, 10399–10405. [Google Scholar] [CrossRef] [PubMed]

	77. 
Wu, C.G.; Chiang, C.H.; Tseng, Z.L.; Nazeeruddin, M.K.; Hagfeldt, A.; Gratzel, M. High efficiency stable inverted PSCs without current hysteresis. Energy Environ. Sci. 2015, 8, 2725–2733. [Google Scholar]

	78. 
Wang, Q.; Shao, Y.C.; Xie, H.P.; Lyu, L.; Liu, X.L.; Gao, Y.L.; Huang, J. Qualifying composition dependent p and n self-doping in CH3NH3PbI3. Appl. Phys. Lett. 2014, 105, 163508. [Google Scholar] [CrossRef]

	79. 
Nicolosi, V.; Chhowalla, M.; Kanatzidis, M.G.; Strano, M.S.; Coleman, J.N. Liquid exfoliation of layered materials. Science 2013, 340, 1226419. [Google Scholar] [CrossRef]

	80. 
Kim, B.J.; Kim, D.H.; Kwon, S.L.; Park, S.Y.; Li, Z.; Zhu, K.; Jung, H.S. Selective dissolution of halide perovskites as a step towards recycling solar cells. Nat. Commun. 2016, 7, 11735. [Google Scholar] [CrossRef] [PubMed]

	81. 
Chen, S.; Lei, L.; Yang, S.; Liu, Y.; Wang, Z.S. Characterization of perovskite obtained from two-step deposition on mesoporous titania. ACS Appl. Mater. Interfaces 2015, 7, 25770–25776. [Google Scholar] [CrossRef] [PubMed]

	82. 
Khadka, D.B.; Shirai, Y.; Yanagida, M.; Masuda, T.; Miyano, K. Enhancement in efficiency and optoelectronic quality of perovskite thin films annealed in MACl vapor. Sustain. Energy Fuels 2017, 1, 755. [Google Scholar] [CrossRef]

	83. 
Chen, J.; Xu, J.; Xiao, L.; Zhang, B.; Dai, S.; Yao, J. Mixed-organic-cation (FA)x(MA)1−xPbI3 planar PSCs with 16.48% efficiency via a low-pressure vapor-assisted solution process. ACS Appl. Mater. Interfaces 2017, 9, 2449–2458. [Google Scholar] [CrossRef] [PubMed]

	84. 
Mitzi, D.B.; Dimitrakopoulos, C.D.; Kosbar, L.L. Thin film deposition of organic-inorganic hybrid materials using a single source thermal ablation technique. Chem. Mater. 1999, 11, 542–544. [Google Scholar] [CrossRef]

	85. 
Liu, M.; Johnston, M.B.; Snaith, H.J. Efficient planar heterojunction PSCs by vapor deposition. Nature 2013, 501, 395–398. [Google Scholar] [CrossRef] [PubMed]

	86. 
Gao, C.; Liu, J.; Liao, C.; Ye, Q.; Zhang, Y.; He, X.; Guo, X.; Mei, J.; Lau, W. Formation of organic-inorganic mixed halide perovskite films by thermal evaporation of PbCl2 and CH3NH3I compounds. RSC Adv. 2015, 5, 26175. [Google Scholar] [CrossRef]

	87. 
Ma, Q.; Huang, S.; Wen, X.; Green, M.A.; Ho-Baillie, A.W.Y. Hole transport layer free inorganic CsPbIBr2 PSC by dual source thermal evaporation. Adv. Energy Mater. 2016, 6, 1502202. [Google Scholar] [CrossRef]

	88. 
Liang, G.X.; Fan, P.; Luo, J.T.; Gu, D.; Zheng, Z.H. A promising unisource thermal evaporation for in situ fabrication of organolead halide perovskite CH3NH3PbI3 thin film. Prog. Photovolt. Res. Appl. 2015, 23, 1901–1907. [Google Scholar] [CrossRef]

	89. 
Tao, C.; Neutzner, S.; Colella, L.; Marras, S.; Kandada, A.R.S.; Gandini, M.; Bastiani, M.D.; Pace, G.; Manna, L.; Caironi, M.; et al. 17.6% stabilized efficiency in low-temperature processed planar PSCs. Energy Environ. Sci. 2015, 8, 2365. [Google Scholar] [CrossRef]

	90. 
Malinkiewicz, O.; Yella, A.; Lee, Y.H.; Espallargas, G.M.; Graetzel, M.; Nazeeruddin, M.K.; Bolink, H.J. PSCs employing organic charge-transport layers. Nat. Photonics 2014, 8, 128–132. [Google Scholar] [CrossRef]

	91. 
Calió, L.; Momblona, C.; Gil-Escrig, L.; Kazim, S.; Sessolo, M.; Sastre-Santos, Á.; Bolink, H.J.; Ahmad, S. Vacuum deposited PSCs employing dopant-free triazatruxene as the hole transport material. Sol. Energy Mater. Sol. Cells 2017, 163, 237–241. [Google Scholar] [CrossRef]

	92. 
Chen, C.W.; Kang, H.W.; Hsiao, S.Y.; Yang, P.F.; Chiang, K.M.; Lin, H.W. Efficient and uniform planar-type PSCs by simple sequential vacuum deposition. Adv. Mater. 2014, 26, 6647–6652. [Google Scholar] [CrossRef] [PubMed]

	93. 
Ioakeimidis, A.; Christodoulou, C.; Lux-Steiner, M.; Fostiropoulos, K. Effect of PbI2 deposition rate on two-step PVD/CVD all-vacuum prepared perovskite. J. Solid State Chem. 2016, 244, 20–24. [Google Scholar] [CrossRef]

	94. 
Tiwana, P.; Docampo, P.; Johnston, M.B.; Snaith, H.J.; Herz, L.M. Electron mobility and injection dynamics in mesoporous ZnO, SnO2 and TiO2 films used in dye-sensitized solar cells. ACS Nano 2011, 5, 5158–5166. [Google Scholar] [CrossRef] [PubMed]

	95. 
Leijtens, T.; Eperon, G.E.; Pathak, S.; Abate, A.; Lee, M.M.; Snaith, H.J. Overcoming ultraviolet light instability of sensitized TiO2 with meso-superstructured organometal tri-halide PSCs. Nat. Commun. 2013, 4, 2885. [Google Scholar] [CrossRef] [PubMed]

	96. 
Ren, X.; Yang, D.; Yang, Z.; Feng, J.; Zhu, X.; Niu, J.; Liu, Y.; Zhao, W.; Liu, S.F. Solution-processed Nb:SnO2 electron transport layer for efficient planar PSCs. ACS Appl. Mater. Interfaces 2017, 9, 2421–2429. [Google Scholar] [CrossRef] [PubMed]

	97. 
Cojocaru, L.; Uchida, S.; Sanehira, Y.; Nakazaki, J.; Kubo, T.; Segawa, H. Surface treatment of the compact TiO2 layer for efficient planar heterojunction PSCs. Chem. Lett. 2015, 44, 674–676. [Google Scholar] [CrossRef]

	98. 
Mahmood, K.; Swain, B.S.; Amassian, A. 16.1% efficient hysteresis-free mesostructured PSCs based on synergistically improved ZnO nanorod arrays. Adv. Energy Mater. 2015, 5, 1500568. [Google Scholar] [CrossRef]

	99. 
Wang, F.; Shimazaki, A.; Yang, F.; Kanahashi, K.; Matsuki, K.; Miyauchi, Y.; Takenobu, T.; Wakamiya, A.; Murata, Y.; Matsuda, K. Highly efficient and stable PSCs by interfacial engineering using solution-processed polymer layer. J. Mater. Chem. C 2017, 121, 1562–1568. [Google Scholar]

	100. 
Madhaven, V.E.; Zimmermann, I.; Carmona, C.R.; Grancini, G.; Buffiere, M.; Belaidi, A.; Nazeeruddin, M.K. Copper thiocyanate inorganic hole-transporting material for high-efficiency PSCs. ACS Energy Lett. 2016, 1, 1112–1117. [Google Scholar] [CrossRef]

	101. 
Saliba, M.; Orlandi, S.; Matsui, T.; Aghazada, S.; Cavazzini, M.; Baena, J.P.C.; Gao, P.; Scopelliti, R.; Mosconi, E.; Dahmen, K.-H.; et al. A molecularly engineered hole-transporting material for efficient PSCs. Nat. Energy 2016, 1, 15017. [Google Scholar] [CrossRef]

	102. 
Ryu, S.; Noh, J.H.; Jeon, N.J.; Kim, Y.C.; Yang, W.S.; Seo, J.W.; Seok, S.I. Voltage output of efficient PSCs with high open-circuit voltage and fill factor. Energy Environ. Sci. 2014, 7, 2614. [Google Scholar] [CrossRef]

	103. 
Zhang, H.; Wang, H.; Chen, W.; Jen, A.K.Y. CuGaO2: A promising inorganic hole-transporting material for highly efficient and stable PSCs. Adv. Mater. 2017, 29, 1604984. [Google Scholar] [CrossRef] [PubMed]

	104. 
Heo, J.H.; Han, H.J.; Kim, D.; Ahn, T.K.; Im, S.H. Hysteresis-less inverted CH3NH3PbI3 planar perovskite hybrid solar cells with 18.1% power conversion efficiency. Energy Environ. Sci. 2015, 8, 1602. [Google Scholar] [CrossRef]

	105. 
Guo, Y.; Liu, C.; Inoue, K.; Harano, K.; Tanaka, H.; Nakamura, E. Enhancement in the efficiency of an organic-inorganic hybrid solar cell with a doped P3HT hole-transporting layer on a void-free perovskite active layer. J. Mater. Chem. A 2014, 2, 13827. [Google Scholar] [CrossRef]

	106. 
Abrusci, A.; Stranks, S.D.; Docampo, P.; Yip, H.-L.; Jen, A.K.Y.; Snaith, H.J. High-performance perovskite-polymer hybrid solar cells via electronic coupling with fullerene monolayers. Nano Lett. 2013, 13, 3124–3128. [Google Scholar] [CrossRef] [PubMed]

	107. 
Hu, H.; Dong, B.; Hu, H.; Chen, F.; Kong, M.; Zhang, Q.; Luo, T.; Zhao, L.; Guo, Z.; Li, J.; et al. Atomic layer deposition of TiO2 for a high-efficiency hole-blocking layer in hole-conductor-free PSCs processed in ambient air. ACS Appl. Mater. Interfaces 2016, 8, 17999–18007. [Google Scholar] [CrossRef] [PubMed]

	108. 
Kim, I.S.; Cao, D.H.; Buchholz, D.B.; Emery, J.D.; Farha, O.K.; Hupp, J.T.; Kanatzidis, M.G.; Martinson, A.B.F. Liquid water- and heat-resistant hybrid perovskite photovoltaics via an inverted ALD oxide electron extraction layer design. Nano Lett. 2016, 16, 7786–7790. [Google Scholar] [CrossRef] [PubMed]

	109. 
Mali, S.S.; Hong, C.K.; Inamdar, A.I.; Im, H.; Shim, S.E. Efficient planar n-i-p type heterojunction flexible PSCs with sputtered TiO2 electron transporting layers. Nanoscale 2017, 9, 3095–3104. [Google Scholar] [CrossRef] [PubMed]

	110. 
Escobar, M.A.M.; Pathak, S.; Liu, J.; Snaith, H.J. ZrO2/TiO2 electron collection layer for efficient meso-superstructured hybrid PSCs. ACS Appl. Mater. Interfaces 2017, 9, 2342–2349. [Google Scholar] [CrossRef] [PubMed]

	111. 
Okamoto, Y.; Suzuki, Y. Mesoporous BaTiO3/TiO2 double layer for electron transport in PSCs. J. Phys. Chem. C 2016, 120, 13995–14000. [Google Scholar] [CrossRef]

	112. 
Mahmud, M.A.; Elumalai, N.K.; Upama, M.B.; Wang, D.; Chan, K.H.; Wright, M.; Xu, C.; Haque, F.; Uddin, A. Low temperature processed ZnO thin film as electron transport layer for efficient PSCs. Sol. Energy Mater. Sol. Cells 2017, 159, 251–264. [Google Scholar] [CrossRef]

	113. 
Wang, K.-C.; Shen, P.-S.; Li, M.-H.; Chen, S.; Lin, M.-W.; Chen, P.; Guo, T.-F. Low-temperature sputtered nickel oxide compact thin film as effective electron blocking layer for mesoscopic NiO/CH3NH3PbI3 perovskite heterojunction solar cells. ACS Appl. Mater. Interfaces 2014, 6, 11851–11858. [Google Scholar] [CrossRef] [PubMed]

	114. 
Yin, X.; Chen, P.; Que, M.; Xing, Y.; Que, W.; Niu, C.; Shao, J. Highly efficient flexible PSCs using solution-derived NiOx hole contacts. ACS Nano 2016, 10, 3630–3636. [Google Scholar] [CrossRef] [PubMed]

	115. 
Islam, M.B.; Yanagida, M.; Shirai, Y.; Nabetani, Y.; Miyano, K. NiOx hole transport layer for PSCs with improved stability and reproducibility. ACS Omega 2017, 2, 2291–2299. [Google Scholar] [CrossRef]

	116. 
Hendriks, K.H.; Van Franeker, J.J.; Bruijnaers, B.J.; Anta, J.A.; Wienk, M.M.; Janssen, R.A.J. 2-Methoxyethanol as a new solvent for processing methylammonium lead halide PSCs. J. Mater. Chem. A 2017, 5, 2346–2354. [Google Scholar] [CrossRef]

	117. 
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 PSCs. Adv. Mater. 2017, 29, 1604545. [Google Scholar] [CrossRef] [PubMed]

	118. 
Shi, Z.; Jayatissa, A.H. The impact of graphene on the fabrication of thin film solar cells: Current status and future prospects. Materials 2018, 11, 36. [Google Scholar] [CrossRef]

	119. 
Yang, I.S.; Sohn, M.R.; Sung, S.D.; Kim, Y.J.; Yoo, Y.J.; Kim, J.; Lee, W.I. Formation of pristine CuSCN layer by spray deposition method for efficient PSC with extended stability. Nano Energy 2017, 32, 414–421. [Google Scholar] [CrossRef]

	120. 
Burschka, J.; Dualeh, A.; Kessler, F.; Baranoff, E.; Ceveyha, N.L.; Yi, C.; Nazeeruddin, M.K.; Gratzel, M. Tris(2-(1H-pyrazol-1-yl)pyridine)cobalt(III) as p-type dopant for organic semiconductors and its application in highly efficient solid-state dye-sensitized solar cells. J. Am. Chem. Soc. 2011, 133, 18042–18045. [Google Scholar] [CrossRef] [PubMed]

	121. 
Noh, J.H.; Jeon, N.J.; Choi, Y.C.; Nazeeruddin, M.K.; Gratzel, M.; Seok, S.I. Nanostructured TiO2/CH3NH3PbI3 heterojunction solar cells employing spiro-OMeTAD/Co-complex as hole-transporting material. J. Mater. Chem. A 2013, 1, 11842–11847. [Google Scholar] [CrossRef]

	122. 
Habisreutinger, S.N.; Leijtens, T.; Eperon, G.E.; Stranks, S.D.; Nicholas, R.J.; Snaith, H.J. Carbon nanotube/polymer composites as a highly stable hole collection layer in PSCs. Nano Lett. 2014, 14, 5561–5568. [Google Scholar] [CrossRef] [PubMed]

	123. 
Teh, C.H.; Daik, R.; Lim, E.L.; Yap, C.C.; Ibrahim, M.A.; Ludin, N.A.; Sopian, K.; Teridi, M.A.M. A review of organic small molecule-based hole-transporting materials for meso-structured organic-inorganic PSCs. J. Mater. Chem. A 2016, 4, 15788–15822. [Google Scholar] [CrossRef]

	124. 
Sandoval-Torrientes, R.; Pascual, J.; García-Benito, I.; Collavini, S.; Kosta, I.; Tena-Zaera, R.; Martín, N.; Delgado, J.L. Modified fullerenes for efficient electron transport layer-free perovskite/fullerene blend-based solar cells. ChemSusChem 2017, 10, 2023–2029. [Google Scholar] [CrossRef] [PubMed]

	125. 
Duan, M.; Rong, Y.; Mei, A.; Hu, Y.; Sheng, Y.; Guan, Y.; Han, H. Efficient hole-conductor-free, fully printable mesoscopic PSCs with carbon electrode based on ultrathin graphite. Carbon 2017, 120, 71–76. [Google Scholar] [CrossRef]

	126. 
Tripathi, N.; Yanagida, M.; Shirai, Y.; Masuda, T.; Han, L.; Miyano, K. Hysteresis-free and highly stable PSCs produced via a chlorine-mediated interdiffusion method. J. Mater. Chem. A 2015, 3, 12081–12088. [Google Scholar] [CrossRef]

	127. 
Liu, J.; Wu, Y.; Qin, C.; Yang, X.; Yasuda, T.; Islam, A.; Zhang, K.; Peng, W.; Chen, W.; Han, L. A dopant-free hole-transporting material for efficient and stable PSCs. Energy Environ. Sci. 2014, 7, 2963–2967. [Google Scholar] [CrossRef]

	128. 
Hashmi, S.G.; Tiihonen, A.; Martineau, D.; Ozkan, M.; Vivo, P.; Kaunisto, K.; Ulla, V.; Zakeeruddin, S.M.; Grätzel, M. Long term stability of air processed inkjet infiltrated carbon-based printed PSCs under intense ultra-violet light soaking. J. Mater. Chem. A 2017, 5, 4797. [Google Scholar] [CrossRef]

	129. 
Akbulatov, A.F.; Luchkin, S.Y.; Frolova, L.A.; Dremova, N.N.; Gerasimov, K.L.; Zhidkov, I.S.; Anokhin, D.V.; Kurmaev, E.Z.; Stevenson, K.J.; Troshin, P.A. Probing the intrinsic thermal and photochemical stability of hybrid and inorganic lead halide perovskites. J. Phys. Chem. Lett. 2017, 8, 1211–1218. [Google Scholar] [CrossRef] [PubMed]

	130. 
Wang, D.; Wright, M.; Elumalai, N.K.; Uddin, A. Stability of PSCs. Sol. Energy Mater Sol. Cells 2016, 147, 255–275. [Google Scholar] [CrossRef]

	131. 
Niu, G.; Guo, X.; Wang, L. Review of recent progress in chemical stability of PSCs. J. Mater. Chem. A 2015, 3, 8970–8980. [Google Scholar] [CrossRef]

	132. 
Bella, F.; Griffini, G.; Correa-Baena, J.-P.; Saracco, G.; Gratzel, M.; Hagfeldt, A.; Turri, S.; Gerbaldi, C. Improving efficiency and stability of perovskite solar cells with photocurable fluoropolymers. Science 2016, 354, 203–206. [Google Scholar] [CrossRef] [PubMed]

	133. 
Dualeh, A.; Moehl, T.; Tetreault, N.; Teuscher, J.; Gao, P.; Nazeeruddin, M.K.; Gratzel, M. Impedance spectroscopic analysis of lead iodide perovskite-sensitized solid-state solar cells. ACS Nano 2013, 8, 362–373. [Google Scholar] [CrossRef] [PubMed]

	134. 
Li, W.; Wang, Z.; Deschler, F.; Gao, S.; Friend, R.H.; Cheetham, A.K. Chemically diverse and multifunctional hybrid organic-inorganic perovskites. Nat. Rev. Mater. 2017, 2, 16099. [Google Scholar] [CrossRef]

	135. 
Amat, A.; Mosconi, E.; Ronca, E.; Quarti, C.; Umari, P.; Nazeeruddin, M.K.; Gratzel, M.; De Angelis, F. Cation-induced band-gap tuning in organohalide perovskites: Interplay of spin–orbit coupling and octahedra tilting. Nano Lett. 2014, 14, 3608–3616. [Google Scholar] [CrossRef] [PubMed]

	136. 
Li, Z.; Yang, M.; Park, J.S.; Wei, S.H.; Berry, J.J.; Zhu, K. Stabilizing perovskite structures by tuning tolerance factor: Formation of formamidinium and cesium lead iodide solid-state alloys. Chem. Mater. 2016, 28, 284–292. [Google Scholar] [CrossRef]

	137. 
Poglitsch, A.; Weber, D. Dynamic disorder in methylammoniumtrihalogenoplumbates (II) observed by millimeter-wave spectroscopy. J. Chem. Phys. 1987, 87, 6373–6378. [Google Scholar] [CrossRef]

	138. 
Bach, U.; Lupo, D.; Comte, P.; Moser, J.E.; Weissortel, F.; Salbeck, J.; Spreitzer, H.; Gratzel, M. Solid-state dye-sensitized mesoporous TiO2 solar cells with high photon-to-electron conversion efficiencies. Nature 1998, 395, 583–585. [Google Scholar]

	139. 
Stoumpos, C.C.; Malliakas, C.D.; Kanatzidis, M.G. Semiconducting Tin and Lead Iodide perovskites with organic cations: Phase transitions, high mobilities and near-infrared photoluminescent properties. Inorg. Chem. 2013, 52, 9019–9038. [Google Scholar] [CrossRef] [PubMed]

	140. 
Jiang, S.; Fang, Y.; Li, R.; Xiao, H.; Crowley, J.; Wang, C.; White, T.J.; Goddard, W.A.; Wang, Z.; Baikie, T.; et al. Pressure-dependent polymorphism and band-gap tuning of methylammonium Lead Iodide perovskite. Angew. Chem. Int. Ed. 2016, 55, 6540–6544. [Google Scholar] [CrossRef] [PubMed]

	141. 
Yamamuro, N.O.; Yamamuro, O.; Matsuo, T.; Suga, H. p-T phase relations of CH3NH3PbX3 (X = Cl, Br, I) crystals. J. Phys. Chem. Solids 1992, 53, 277–281. [Google Scholar] [CrossRef]

	142. 
Pisoni, A.; Jacimovic, J.; Barisic, O.S.; Spina, M.; Gaal, R.; Forro, L.; Horvath, E. Ultra-low thermal conductivity in organic–inorganic hybrid perovskite CH3NH3PbI3. J. Phys. Chem. Lett. 2014, 5, 2488–2492. [Google Scholar] [CrossRef] [PubMed]

	143. 
Qian, X.; Gu, X.; Yang, R. Lattice thermal conductivity of organic-inorganic hybrid perovskite CH3NH3PbI3. Appl. Phys. Lett. 2016, 108, 063902. [Google Scholar] [CrossRef]

	144. 
Ye, T.; Wang, X.; Li, X.; Yan, A.Q.; Ramakrishna, S.; Xu, J. Ultra-high Seebeck coefficient and low thermal conductivity of a centimeter-sized perovskite single crystal acquired by a modified fast growth method. J. Mater. Chem. C 2017, 5, 1255–1260. [Google Scholar] [CrossRef]

	145. 
Brunetti, B.; Cavallo, C.; Ciccioli, A.; Gigli, G.; Latini, A. On the thermal and thermodynamic (in)stability of methylammonium lead halide perovskites. Sci. Rep. 2016, 6, 31896. [Google Scholar] [CrossRef] [PubMed]

	146. 
Wang, Z.; Shi, Z.; Li, T.; Chen, Y.; Huang, W. Stability of PSCs: A prospective on the substitution of the A cation and X anion. Angew. Chem. Int. Ed. 2017, 56, 1190–1212. [Google Scholar] [CrossRef] [PubMed]

	147. 
Yang, J.; Siempelkamp, B.D.; Liu, D.; Kelly, T.L. Investigation of CH3NH3PbI3 degradation rates and mechanisms in controlled humidity environments using in situ techniques. ACS Nano 2015, 9, 1955–1963. [Google Scholar] [CrossRef] [PubMed]

	148. 
Han, Y.; Meyer, S.; Dkhissi, Y.; Weber, K.; Pringle, J.M.; Bach, U.; Spiccia, L.; Cheng, Y. Degradation observations of encapsulated planar CH3NH3PbI3 PSCs at high temperatures and humidity. J. Mater. Chem. A 2015, 3, 8139–8147. [Google Scholar] [CrossRef]

	149. 
Gangishetty, M.K.; Scott, R.W.J.; Kelly, T.L. Effect of relative humidity on crystal growth, device performance and hysteresis in planar heterojunction PSCs. Nanoscale 2016, 8, 6300–6307. [Google Scholar] [CrossRef] [PubMed]

	150. 
Cronin, H.M.; Jayawardena, K.D.G.I.; Stoeva, Z.; Shkunov, M.; Silva, S.R.P. Effects of ambient humidity on the optimum annealing time of mixed-halide PSCs. Nanotechnology 2017, 28, 114004. [Google Scholar] [CrossRef] [PubMed]

	151. 
Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.B.; Duan, H.S.; Hong, Z.; You, J.; Liu, Y.; Yang, Y. Photovoltaics. Interface engineering of highly efficient PSCs. Science 2014, 345, 542–546. [Google Scholar] [CrossRef] [PubMed]

	152. 
Ito, S.; Tanaka, S.; Manabe, K.; Nishino, H. Effects of surface blocking layer of Sb2S3 on nanocrystalline TiO2 for CH3NH3PbI3 PSCs. J. Phys. Chem. C 2014, 118, 16995–17000. [Google Scholar] [CrossRef]

	153. 
Lee, S.W.; Kim, S.; Bae, S.; Cho, K.; Chung, T.; Mundt, L.E.; Lee, S.; Park, S.; Park, H.; Schubert, M.C.; et al. UV degradation and recovery of PSCs. Sci. Rep. 2016, 6, 38150. [Google Scholar] [CrossRef] [PubMed]

	154. 
Rafiee, J.; Mi, X.; Gullapalli, H.; Thomas, A.V.; Yavari, F.; Shi, Y.; Ajayan, P.M.; Koratkar, N.A. Wetting transparency of graphene. Nat. Mater. 2012, 11, 217–222. [Google Scholar] [CrossRef] [PubMed]

	155. 
Lim, E.L.; Yap, C.C.; Jumali, M.H.H.; Teridi, M.A.M.; Teh, C.H. A mini review: can graphene be a novel material for perovskite solar cell applications? Nano-Micro Lett. 2018, 10, 27. [Google Scholar] [CrossRef]

	156. 
Agresti, A.; Pescetelli, S.; Taheri, B.; Del Rio Castillo, A.E.; Cina, L.; Bonaccorso, F.; Di Carlo, A. Graphene-perovskite solar cells exceed 18% efficiency: a stability study. Chemsuschem 2016, 9, 2609–2619. [Google Scholar] [CrossRef] [PubMed]

	157. 
Bi, E.; Chen, H.; Xie, F.; Wu, Y.; Chen, W.; Su, Y.; Islam, A.; Grätzel, M.; Yang, X.; Han, L. Diffusion engineering of ions and charge carriers for stable efficient perovskite solar cells. Nat. Commun. 2017, 8, 15330. [Google Scholar] [CrossRef] [PubMed]

	158. 
Wang, Y.; Wang, S.; Chen, X.; Li, Z.; Wang, J.; Li, T.; Deng, X. Largely enhanced Voc and stability in perovskite solar cells with modified energy match by couple 2D interlayers. J. Mater. Chem. A 2018, 6, 4860–4867. [Google Scholar] [CrossRef]

	159. 
Chen, T.P.; Lin, C.W.; Li, S.S.; Tsai, Y.H.; Wen, C.Y.; Lin, W.J.; Hsiao, F.M.; Chiu, Y.P.; Tsukagoshi, K.; Osada, M.; Sasaki, T.; Chen, C.W. Self-assembly atomic stacking transport layer of 2D layered titania for perovskite solar cells with extended UV stability. Adv. Energy Mater. 2017, 8, 1701722. [Google Scholar] [CrossRef]

	160. 
Fang, Y.; Wang, X.; Wang, Q.; Huang, J.; Wu, T. Impact of annealing on spiro-OMeTAD and corresponding solid-state dye sensitized solar cells. Phys. Status Solidi 2014, 211, 2809. [Google Scholar] [CrossRef]

	161. 
Li, X.; Cai, M.; Zhou, Z.; Yun, K.; Xie, F.; Lan, Z.; Hua, J.; Han, L. A comparative study of o,p-dimethoxyphenyl-based hole transport materials by altering π-linker units for highly efficient and stable PSCs. J. Mater. Chem. A 2017, 5, 10480–10485. [Google Scholar] [CrossRef]

	162. 
Aitola, K.; Domanski, K.; Correa-Baena, J.-P.; Sveinbjörnsson, K.; Saliba, M.; Abate, A.; Grätzel, M.; Kauppinen, E.; Johansson, E.M.J.; Tress, W.; et al. High temperature-stable PSC based on low-cost carbon nanotube hole contact. Adv. Mater. 2017, 29, 1606398. [Google Scholar] [CrossRef] [PubMed]

	163. 
Zhang, M.; Lyu, M.; Yu, H.; Yun, J.H.; Wang, Q.; Wang, L. Stable and low-cost mesoscopic CH3NH3PbI2Br PSCs by using a thin Poly(3-hexylthiophene) layer as a hole transporter. Chem. Eur. J. 2015, 21, 434–439. [Google Scholar] [CrossRef] [PubMed]

	164. 
Arora, N.; Dar, M.I.; Hinderhofer, A.; Pellet, N.; Schreiber, F.; Zakeeruddin, S.M.; Grätzel, M. PSCs with CuSCN hole extraction layers yield stabilized efficiencies greater than 20%. Science 2017, 358, 768–771. [Google Scholar] [CrossRef] [PubMed]

	165. 
Snaith, H.J.; Abate, A.; Ball, J.M.; Eperon, G.E.; Leijtens, T.; Noel, N.K.; Stranks, S.D.; Wang, J.T.W.; Wojciechowski, K.; Zhang, W. Anomalous Hysteresis in PSCs. J. Phys. Chem. Lett. 2014, 5, 1511–1515. [Google Scholar] [CrossRef] [PubMed]

	166. 
Nemnes, G.A.; Besleaga, C.; Stancu, V.; Dogaru, D.E.; Leonat, L.N.; Pintilie, L.; Torfason, K.; Ilkov, M.; Manolescu, A.; Pintilie, I. Normal and inverted hysteresis in perovskite solar cells. J. Phys. Chem. C 2017, 121, 11207–11214. [Google Scholar] [CrossRef]

	167. 
Kegelmann, L.; Wolff, C.M.; Awino, C.; Lang, F.; Unger, E.L.; Korte, L.; Dittrich, T.; Neher, D.; Rech, B.; Albrecht, S. It takes two to tango—Double-layer selective contacts in PSCs for improved device performance and reduced hysteresis. ACS Appl. Mater. Interfaces 2017, 9, 17245–17255. [Google Scholar] [CrossRef] [PubMed]

	168. 
Guo, Y.; Liu, T.; Wang, N.; Luo, Q.; Lin, H.; Li, J.; Jiang, Q.; Wu, L.; Guo, Z. Ni-doped α-Fe2O3 as electron transporting material for planar heterojunction PSCs with improved efficiency, reduced hysteresis and ultraviolet stability. Nano Energy 2017, 38, 193–200. [Google Scholar] [CrossRef]

	169. 
Chen, H.W.; Sakai, N.; Ikegami, M.; Miyasaka, T. Emergence of hysteresis and transient ferroelectric response in organo-lead halide PSCs. J. Phys. Chem. Lett. 2015, 6, 164–169. [Google Scholar] [CrossRef] [PubMed]

	170. 
Azpiroz, J.M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Defect migration in methylammonium lead iodide and its role in PSC operation. Energy Environ. Sci. 2015, 8, 2118–2127. [Google Scholar] [CrossRef]

	171. 
Van Reenen, S.; Kemerink, M.; Snaith, H.J. Modeling anomalous hysteresis in PSCs. J. Phys. Chem. Lett. 2015, 6, 3808–3814. [Google Scholar] [CrossRef] [PubMed]

	172. 
Almora, O.; Zarazua, I.; Mas-Marza, E.; Mora-Sero, I.; Bisquert, J.; Belmonte, G.G. Capacitive dark currents, hysteresis and electrode polarization in lead halide PSCs. J. Phys. Chem. Lett. 2015, 6, 1645–1652. [Google Scholar] [CrossRef] [PubMed]

	173. 
Elumalai, N.K.; Uddin, A. Hysteresis in organic-inorganic hybrid PSCs. Sol. Energy Mater Sol. Cells 2016, 157, 476–509. [Google Scholar] [CrossRef]

	174. 
Chen, B.; Yang, M.; Priya, S.; Zhu, K. Origin of J-V hysteresis in PSCs. J. Phys. Chem. Lett. 2016, 7, 905–917. [Google Scholar] [CrossRef] [PubMed]

	175. 
Li, C.; Guerrero, A.; Zhong, Y.; Huettner, S. Origins and mechanisms of hysteresis in organometal halide perovskites. J. Phys. Condens. Matter 2017, 29, 193001. [Google Scholar] [CrossRef] [PubMed]

	176. 
Domanski, K.; Alharbi, E.A.; Hagfeldt, A.; Grätzel, M.; Tress, W. Systematic investigation of the impact of operation conditions on the degradation behavior of perovskite solar cells. Nat. Energy 2018, 3, 61–67. [Google Scholar] [CrossRef]

	177. 
Christians, J.A.; Manser, J.S.; Kamat, P.V. Best practices in PSC efficiency measurements. Avoiding the error of making bad cells look good. J. Phys. Chem. Lett. 2015, 6, 852–857. [Google Scholar] [CrossRef] [PubMed]

	178. 
Fabini, D. Quantifying the potential for lead pollution from halide perovskite photovoltaics. J. Phys. Chem. Lett. 2015, 6, 3546–3548. [Google Scholar] [CrossRef] [PubMed]

	179. 
Chen, P.; Qi, J.; Klug, M.T.; Dang, X.; Hammond, P.T.; Belcher, A.M. Environmentally responsible fabrication of efficient PSCs from recycled car batteries. Energy Environ. Sci. 2014, 7, 3659. [Google Scholar] [CrossRef]

	180. 
Noel, N.K.; Stranks, S.D.; Abate, A.; Wehrenfennig, C.; Guarnera, S.; Hagighirad, A.A.; Sadhanala, A.; Eperon, G.E.; Pathak, S.K.; Johnston, M.B.; et al. Lead-free organic–inorganic tin halide perovskites for photovoltaic applications. Energy Environ. Sci. 2014, 7, 3061–3068. [Google Scholar] [CrossRef]

	181. 
Hoshi, H.; Shigeeda, N.; Dai, T. Improved oxidation stability of tin iodide cubic perovskite treated by 5-ammonium valeric acid iodide. Mater. Lett. 2016, 183, 391–393. [Google Scholar] [CrossRef]

	182. 
Lee, S.J.; Shin, S.S.; Kim, Y.C.; Kim, D.; Ahn, T.K.; Noh, J.H.; Seo, J.; Seok, S.I. Fabrication of efficient formamidinium Tin Iodide PSCs through SnF2–Pyrazine complex. J. Am. Chem. Soc. 2016, 138, 3974–3977. [Google Scholar] [CrossRef] [PubMed]

	183. 
Zhu, H.L.; Xiao, J.; Mao, J.; Zhang, H.; Zhao, Y.; Choy, W.C.H. Controllable crystallization of CH3NH3Sn0.25Pb0.75I3 perovskites for hysteresis-free solar cells with efficiency reaching 15.2%. Adv. Funct. Mater. 2017, 27, 1605469. [Google Scholar] [CrossRef]

	184. 
Im, J.; Stoumpos, C.C.; Jin, H.; Freeman, A.J.; Kanatzidis, M.G. Antagonism between spin–orbit coupling and steric effects causes anomalous band gap evolution in the perovskite photovoltaic materials CH3NH3Sn1–xPbxI3. J. Phys. Chem. Lett. 2015, 6, 3503–3509. [Google Scholar] [CrossRef] [PubMed]

	185. 
Eckhardt, K.; Bon, V.; Getzschmann, J.; Grothe, J.; Wisser, F.M.; Kaskel, S. Crystallographic insights into (CH3NH3)3(Bi2I9): A new lead-free hybrid organic–inorganic material as a potential absorber for photovoltaics. Chem. Commun. 2016, 52, 3058–3060. [Google Scholar] [CrossRef] [PubMed]

	186. 
Hoye, R.L.Z.; Brandt, R.E.; Osherov, A.; Stevanovic, V.; Stranks, S.D.; Wilson, M.W.B.; Kim, H.; Akey, A.J.; Perkins, J.D.; Kurchin, R.C.; et al. Methylammonium Bismuth Iodide as a Lead-free, stable hybrid organic–inorganic solar absorber. Chem. Eur. J. 2016, 22, 2605–2610. [Google Scholar] [CrossRef] [PubMed]

	187. 
Park, B.W.; Phillippe, B.; Zhang, X.; Rensmo, H.; Boschloo, G.; Johansson, E.M.J. Bismuth based hybrid perovskites A3Bi2I9 (A: Methylammonium or Cesium) for solar cell application. Adv. Mater. 2015, 27, 6806–6813. [Google Scholar] [CrossRef] [PubMed]

	188. 
Zhang, X.; Wu, G.; Gu, Z.; Guo, B.; Liu, W.; Yang, S.; Ye, T.; Chen, C.; Tu, W.; Chen, H. Active-layer evolution and efficiency improvement of (CH3NH3)3Bi2I9-based solar cell on TiO2-deposited ITO substrate. Nano Res. 2016, 9, 2921–2930. [Google Scholar] [CrossRef]

	189. 
Lehner, A.J.; Fabini, D.H.; Evans, H.A.; Hebert, C.A.; Smock, S.R.; Hu, J.; Wang, H.; Zwanziger, J.W.; Chabinyc, M.L.; Seshadri, R. Crystal and electronic structures of complex Bismuth Iodides A3Bi2I9 (A = K, Rb, Cs) related to perovskite: Aiding the rational design of photovoltaics. Chem. Mater. 2015, 27, 7137–7148. [Google Scholar] [CrossRef]

	190. 
Scholz, M.; Flender, O.; Oum, K.; Lenzer, T. Pronounced exciton dynamics in the vacancy-ordered Bismuth halide perovskite (CH3NH3)3Bi2I9 observed by ultrafast UV-Vis-NIR transient absorption spectroscopy. J. Phys. Chem. C 2017, 121, 12110–12116. [Google Scholar] [CrossRef]

	191. 
Slavney, A.H.; Hu, T.; Lindenberg, A.M.; Karunadasa, H.I. A Bismuth-halide double perovskite with long carrier recombination lifetime for photovoltaic applications. J. Am. Chem. Soc. 2016, 138, 2138–2141. [Google Scholar] [CrossRef] [PubMed]

	192. 
Wei, F.; Deng, Z.; Sun, S.; Xie, F.; Kieslich, G.; Evans, D.M.; Carpenter, M.A.; Bristowe, P.D.; Cheetham, A.K. The synthesis, structure and electronic properties of a lead-free hybrid inorganic-organic double perovskite (MA)2KBiCl6 (MA = methylammonium). Mater. Horizons 2016, 3, 328–332. [Google Scholar] [CrossRef]

	193. 
Ming, W.; Shi, H.; Du, M. Large dielectric constant, high acceptor density and deep electron traps in PSC material CsGeI3. J. Mater. Chem. A 2016, 4, 13852–13858. [Google Scholar] [CrossRef]

	194. 
Lu, X.; Zhao, Z.; Li, K.; Han, Z.; Wei, S.; Guo, C.; Zhou, S.; Wu, Z.; Guo, W.; Wu, C.L. First-principles insight into the photoelectronic properties of Ge-based perovskites. RSC Adv. 2016, 6, 86976–86981. [Google Scholar] [CrossRef]

	195. 
Jacobsson, T.J.; Pazoki, M.; Hagfeldt, A.; Edvinsson, T. Goldschmidt’s rules and strontium replacement in lead halogen PSCs: Theory and preliminary experiments on CH3NH3SrI3. J. Phys. Chem. C 2015, 119, 25673–25683. [Google Scholar] [CrossRef]

	196. 
Uribe, J.I.; Ramirez, D.; Osorio-Guillen, J.M.; Osorio, J.; Jaramillo, F. CH3NH3CaI3 perovskite: Synthesis, characterization and first-principles studies. J. Phys. Chem. C 2016, 120, 16393–16398. [Google Scholar] [CrossRef]

	197. 
Dai, X.; Zhang, Y.; Shen, H.; Luo, Q.; Zhao, X.; Li, J.; Lin, H. Working from Both Sides: Composite Metallic Semitransparent Top Electrode for High Performance Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2016, 8, 4523–4531. [Google Scholar] [CrossRef] [PubMed]























































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Organic

Inorganic

Nomaized ntensity

(L] ‘Solution-processed
220
@30)
1 Vapour-deposited
T 20 0 40 50

200






media/file8.jpg
H 3

1DOS (states/nm’) O Absorption coefficient a (em) ©

5 05

o 15 26 25 30 35 40
Photon energy (eV)

T

—— cnnnpor,
Casnl,
—— Gaas

——Gass.

T2 34 s
Energy (eV)

T5 vo v 7o 25 30

Film thickness (um)





media/file27.png
Sensor 2

Organic
source

Inorganic
source

Normalized intensity

(110) :
* Solution-processed
(220)
] (330)
Vapour-deposited
A J_AA_I A A = A
10 20 30 40 50 60
20 (°)






media/file34.jpg
0 27T 0 0% ey o s
WS @), 10k . ane s
L CEE'C) 80% mty one sn

Conditon )
condiion 1)
m

Tiow Pows) Time ours





media/file13.png
Perovskite solution
spreading

Spinning

Intensity (a.u.)

(110)

(1) (202)

(220)

Toluene
dripping

Intermediate
phase film

100 °C
—

e
100 °C

Dense and uniform
perovskite film





media/file31.png
Intensity (a.u.)

—)’&)—A f b)
| —_— \“___’,ﬂ"k\-_,H
6.40 GPa A 5.71 GPa
5.49 GPa —_ 516 GPa
_L._//\—k—'\ h——/\‘__,.——"mk—__*_
4.70 GPa - 4.70 GPa
WM 3.54 GPa > 3.79 GPa I
Un -—L—_/./’/\x
391 GPa E —1 3.10 GPa v
—)L—_//;;__%
@ 2.42 GPa
2.75 GPa £ —— 1.73 GPa
0.58 GPa
2.31 GPa | 0.55 GPa
4 6 1 12 14 16
1.95 GPa 8 0
1.37 GPa
1.04 GPa
0.80 GPa
J
0.41 GPa
-y - 0.30 GPa
0.16 GPa
0.11 GPa
0.05 GPa
- A. LM—’A A A_/ D GPB
4 6 8 10 12 14 16

28 [*]





media/file39.png
@ o b, ¢ (c)
1 g_‘.: -
®
T 0

mi_
®

®
TiO, CH;NH,Pbl, TiO, CH;NH,Pbl, TiO, CH;NH,Pbl,
@ ©) (e)
[—- T I S @40
@ ® ©

®

Tio, CH;NH,Pbl, TiO, CH;NH,Pbl,





media/file12.jpg





media/file18.jpg





media/file9.png
a
— b CH NH Pbl,
E . 10
- 10 —
u ~
- E O
c c
X S 10
£ &
g 10 % o0
S v
2 8 10
310’- 0o
00 05 10 15 20 25 30 35 40
Photon energy (eV)

C 60 d o020

—— CH_NH PbI, :
= 1 CsSnl, Eozs-:
£ 404 — GaAs g :
v & 0204
=z : o ) //,’ o CH NH_PDI
= 10,/7 —_— |
k2 E o1 )/77 i
w» 20 = £ :// — e CAS
o — ] — e CZTS
e ) w 0 10~< —— CsPDbI_

= : — — GaAs
0~ 005 : VeevevgvvvTVTEYVVVRYYVVVRYYVVY YV
0 1 2 3 4 5 00 05 10 15 20 25 30

Energy (eV) Film thickness (um)





media/file14.jpg
a b
100- MAI-PbI,-DMF| 100 MAI-PbI(DMSO), |
e @oc Yy
zeo- 229% Feo- WS
g marc g
Zo Zo on2v]
L ol _ ouso
20{ —MAI 0] —MAI
jtey Zen,
00 0 20 o abo 600 R T T )
Temperature !'C) Temperature ('C)
c d
ol 159 MAI-PbI-(OMSO), | PN wh  MAIPBL(OMSO),,
g
3 e
S s
e
£
—omso —omso
wf “wmar ] Zwar
e o,
B
T TN ] T B e W

Temperature (°C)

Temporature (°C)





media/file35.png
Normalized PCE (%)

140
120+
100 -

80 -

60 -+

—e— (i1) 55°C (85°C), 10% humidity, one sun

—e— (i) -20°C (10°C), 0% humidity, one sun
one sun

—a— (iii) 55°C (85°C). 80% humidi

Condition (iii)

Condition (i)

© -~

1 \d 1

20 40

T T T v T A T v 1
60 80 100 120 140
Time (hours)

Normalized PCE (%)

80 4

60 -+

[T

Time (hours)





media/file20.jpg
LY ) itp method

perovsit

(bl/mpT0,)

10

®

CE3

%

——Forwardsweep
o] Reverse sweep

§
H
i

Itegrated Jic (AL’

&

Yo% w00 aw o
Wavelength ()






media/file23.png
Non-polar solvent

b | 3 . Polar protic solvent

c Polar aprotic solvent






media/file5.png





media/file36.jpg
Tme )

ey
o W oegnanion {12
|

]
BDigas ==

G e L o e e e

gy wr_sun g v B o m o
g
o

ﬁk@bazti‘

R e R e i e

Time )

e O
o S

o
e . eyt

R o o e L





media/file15.png
d
1004 —fs------- : :
1%, I_H_AI Pbl,-DMF
43.6 °C !
== 801 222.8 °C
0 422.3 *C
=
= 40 - 65.8 %
| — DMF
204 —MAI
{ —PbL,
u - T - T - L] ¥ T - T - ——
0 100 200 300 400 500 600
Temperature (°C)
C
1009 ks -7 - MAI-Pbl,-(DMSO)
138.1 *C 1:"'_9_0‘?__ _z "
el 21.1 %
= 219.3 °C
s 00 wempmecocaoin
o
D 4256 °c ~B1.1%
= 40.
| — DMSO
204 — MAI
| —Pbl,
0 100 200 300 400 500 60O
Temperature (*C)

100 <

EEE“.

e

£ &0

R=L

>

= 40

0] — MAI
| —Pobl,

n - L] - Ll - L - LE - i - o
0 100 200 300 400 500 600

Q

Temperature (°C)

100 =g - 7%  MAI-PbL-(DMSO),,
22.9 °C
—~god =z h---------
=2
i - 20.6 %
= e s2mEte R
=
o 4206+c 298 %
= 40 -
— DMSO
204 —MAI
| —Pol,
0 100 200 300 400 500 600

Temperature (°C)






media/file19.png
DME+DMSO

© PBI(DMSO),
© DMSO-DMF






media/file28.jpg
Intensity (a. u)

(b)

Absorbanco (a. u)

PR

a-pbCl, 1,20
Insuffcient MAI y, =2

o Modorate
Excoss WAl y,=4

“+ Exposuretoair y,=4






media/file2.jpg





media/file32.jpg
..






nav.xhtml


  materials-11-00729


  
    		
      materials-11-00729
    


  




  





media/file11.png
a) b)

¢ selective contact ¢ selective contact

HTM

Perovskite Mesoporous layer p-i-n planar (regular or inverted)

Perovskite Laver






media/file6.jpg
)

05 0

_‘
x
Z
»
=





media/file24.jpg





media/file29.png
—
==
el

— PbCI,

- Insufficient MAI
—— Moderate
—— Excess MAI

Intensity (a. u.)

o[

1.5{ \

1.0-

Absorbance (a. u.)

-=-PbCI, y =0
Insufficient MAI y =2

= Moderate y =3

-=- Excess MAI y =4

= Exposure to air y =4

600 700
Wavelength (nm)





media/file1.png
Conversion efficiency (%)

15 1

—&— Amorphous Si single layer
—— Dvye sensitized
1 —®— Small-area OPY

—&— Certified >1 cm? OPV Univ. of
1 —%— Perovskite

United Solar Heliatek

10 tsubishi
i atek/1APP
1 Solarex
5 —
1 Kodak U C‘;B Univ. of Cambridge
u LI L] L] L] | L] L) L] L] | L] L] L] L] l L] L] L] L] | L] L] L] L) | L] L] L] L] | L]
1985 1990 1995 2000 2005 2010 2015






media/file41.png
“ & C1'/N1
. C1/N1






media/file37.png
Time (h)
s 00 1,93 13 21 21 102 102 152 152 237 237 3719 379 541 541 750 750 1000 1000
n —s— Tracking 1

12F —a— UV Degradation 412
- Q:.Q —a— 1 5un Soaking
3 9t 4q9
- T
X! = T T Vil I

D ra B 2 Fa 4 P 1.1 1 2 3
'6"‘50 55 780 787 1260 1233 6120 61269120 9126 ?'Enhf:u{‘#ig?i 740 22?%324@ 323’6 45000 45012 60000 ﬁm-tlmm

Time (h
(b) 0“1 1“13 13“ 21 21“ 102 1D2“152 152 1“_3‘? 237 ‘3;79 37?" 541 541“ 750 TSD” 1000 1000

™S T T Fs T T et T T

Lar it

ﬁ —e— Tracking 180
- % \__-_\ —&— UV Degradation 70

~&—1 5un Soaking ]

20
0760 67780 764 1260 126¢ 6120 61289120 9121n1 52?14230 4740 22190 32460 32470 45000 45074 60000 60010

Flll Factor (%)
'<_‘=’ s s 338 28 8

(c) Time (h)
0 01 1 .13 13 21 21 102 102 152 152 237 237 379 379 541 541 750 750 1000 1000
00 [TATTA — ot e —,— r—rd — — e _.._..Tr;c”ng o
—B00 | N —=— UV Degradation+ 800
E s00 b ______-—-""' r’# ﬂ‘: e =1 Sun Soaking ]spp
Sa00f > $ hy

, /1

0 LN
s a n.y o | w Y L e

100 ‘_Mﬂ"w‘-‘,——k‘"‘""

%0 67780 787 1260 126 6120 61289120 aﬁsﬁ\%wnﬁéﬁo 35780 22752 52460 32470 /45000 45012 50000 60010°

(d) Time (h)
0‘_1 1_‘13 13” 21 21_” 102 102__]52 152 _'1"‘_3? 237 _3‘79 3?%‘ 1 541‘_' T30 750_“ 1000 1000
20‘:.. A ey ' 1 rp e oy ey ' r ' r -"Tfa:ﬁ]ng ..2{]
~—a— UV Degradation

?15‘- &m%?—-—-—-ﬁ—_“ "‘“15““503“11“'15
2 * |12
E10f
O 48
b

5F 14

$ _l‘)’BD 85 T80 ?ﬁ 1260 123&‘ 31.20 811’5%1.20 9128#;%1;0(#?3? ﬁ‘ﬁl':"ﬂ:l 22?% 324? 32;5’6'45603 456{‘{ GD&W 606105





media/file10.jpg
a) b)

€ slctve contact € seective contact
W™
Peravskite Mesoporous layer p-i-n planar (regular or inverted)
Perovskite Layer





media/file7.png
F X M R T

i F

dir'x M: r R

b € Z. 1L 0 I

1 50 SO
Ae RBieug A® am_m:m

C)

X M R I
ZTT XM R

L

mmpm_,.qm;d*muq
W ne [ABiaug xnn.”.., e am._m_._m

(=

r X M R
ZT XM T

¢ 2 1 0 - _GSI S0 SO
M@ jABiaug ﬁ I am_m_._m

a)=





media/file40.jpg





media/file33.png
170 °C“ + MAPHCI =0% 170 °C + MAPbBr =15% 170 °C " + MAPDI_ = 69%
R
3 #PbCl =100% F # PbBr =85% . @ ] Pbl2 =31% X
2
= - - = # -~
+ MAPbBCI = 9% 160°C + MAPbBr_=28% 160°C | + MAPbI_=79%
#PbCl =91% 1 - #PbBr =72% i #Pbl_=21%
i " L : i :
. " L,‘IJ N . J.LL w J o
150°C, + MAPbCI = 28% 150°C | + MAPbBr =51% 150°C | + MAPbI_=90%
b - - = 0, - - = o, 4
“ pb(-.z =72% # PbBrz 49% # l’blz 10%
+
s
] ] .LII l JJI lllll_ ;h w J WAk -

1 1 1 1 1 L 1 il L | 1 1 L 1 1 1 1

140 °C + MAPBCI = 61% M4o°C | + MAPbBr =71% 140°C | + MAPDI, = 96%
- - |
] # PbCl =39% i i # PbBr =29% i i # Pbl_ = 4% :
: = A . i a i
y - S I A Y0 TN W J;'Ja -
130 °C + MAPDBCI =98% e + MAPbBr = 84% 130°C + MAPBI_=99.4%
+ X
i # PbCl = 2% ) " # PbBr, = 16% y r # Pbl_=0.6% -
i ] i 5 l | |“ lll.lL .ll \ i JAJU __Ll_-_-l_l_-l_n_ll__nx ‘:_,_‘
60

Al
I 1
10 20 30 40 0 70 80 9 10 20 Jo 40 S0 60 70 80 920 10 20 30 40 L0 60 70 80 9
207 207 207





media/file16.jpg
EQE (%)

©

Current density (mAlcm’)

i
I
1

.0

02 0.4 06 08 10 1.2
Voltage (v)

Curtent density (mAe)

Count

2

10

0:203%
Mo 21.2%
Mins 19.7 %

00 500 600 700 800
Wavelength (nm)

20 o2 2
Stabilized 7 (%)






media/file38.jpg
©

&

o]

o,

GNP, Tio,
(@ °o 00
© © o

Tio, CHINH,PbI,

Tio, CH,NH,PbI,

CH,NH,PbI,





media/file3.png





media/file42.png





media/file22.jpg
Non-polar solvent

Polar aproic solvent






media/file17.png
C 100

EQE (%)

Au
PTAMA— e
Halide Perovskite

Oxide Perovskite

FTO

1 X | i 1 L 1

400 500 600 700
Wavelength (nm)

Current density (mAlcm’)

Current density (mAlcm®)

Count

= N N
4 o (%))

-
o

Time (s)

A )

o 25 50 75 ’100'1'

12

0.2 04 0.6 0.8 1.0 1.2
Voltage (V)

10 |

Average: 20.3 %
Max: 21.2 %
Min: 19.7 %

19 20 21 22
Stabilized 7 (%)





media/file4.jpg





media/file30.jpg
sanars
—— ancn

A2 7560

oMo 195es
TUTTI RV NN

PTETY I WA
MM 05060

S I
MM n]

Intensity (a.u.)

030683

01668

s7om
B

prreen

Intensity (a.u.)

/e —r
A I 055GPa

4 6 8 0 2 1 1






media/file25.png
MACI Powders

",—'—h-..

&

= - \
ﬂ . W 2
k}"emvskif&l_,,,,ﬂn LRE

Hot Plate @100°C

(b)






media/file0.jpg
Conversion efficiency (%)






media/file21.png
: (a) IEP method

£ e R i i i S
AA - : \
Perovskitey
(bl/mp-TiO,)
FTO ‘
500 nm =
500 nm
(b) Conventional metﬁgd
s FOrward sweep 3
ws ReVETSE SWEEP '
)

500 nm






