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CHAPTER
PERSPECTIVES ON ORGANIC INORGANIC PEROVSKITES
The science of perovskite materials is at crossroads since, in many applications like solar cells, they are competing with the already established high-performance materials like silicon.. The current situation on these materials is reflected from the number of high impact scientific publications in various journals and also the establishment of the perovskite-info weekly newsletter. It is estimated that nearly thousands of publications are coming out in recent years on solar cell applications only.
This situation is mainly due to the possibility of generating innumerable compositions with this structure, where in there can be  This situation today warrants a selection based on thousands (even millions) of possibilities, and hence one has to resort to some predictions based on computer-based screening of materials. This is reflected in the recent publications on this topic[1]. Designing new functional materials has always been a challenge since the conventional methods are ineffective when one has to screen thousands of potential candidates [2,3]. 
There are empirical methods (like tolerance factor) that have been commonly employed to predict the formation of the perovskite phase. However, it must be stated that there are limitations to this method, especially for hybrid systems. This aspect has been dealt with in earlier chapters. The synthesis methodologies adopted for forming perovskite phases are simple and straight forward like solid-state reaction, complex decomposition or coprecipitation, and so on. These methods generally yield the perovskite phase as identified by the X-ray diffraction method. 
The versatility of perovskites arises from the geometry of the crystal structure and the ionic radii of the constituent ions. The electronic configuration of the various ions is mainly responsible for the observed electrical and magnetic and dielectric property of the perovskite systems.  One of the applications where perovskites are threatening to replace almost all other alternatives is the exploitation of their optoelectronic property, and hence, they are today considered as the materials for solar cells. The progress in this application of these materials has been dealt with in the earlier chapters. The rapid progress in this field is again traced in the following figure. 
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Fig X.1. The graphical representation of the year-wise evolution of the efficiency of perovskite-based solar cells. The figures in blue are the certified efficiencies by NREL. [Figure reproduced from reference 6] 
Despite this rapid development, some critical factors appear to restrict this unusually rapid development of perovskite-based solar cells [4,5]. These can be listed as follows: 
· The stability especially of the organic lead halide perovskites is greatly affected by environmental factors (like humidity, temperature, and radiation), which lead to the low stability of the devices and the great difficulties in encapsulating cells. To specify the exact composition of the device and also to package the layers for the charge transport will be necessary for the practical application of these devices. 
· The hole transporting material employed in perovskite-based solar cells is expensive, and its synthesis procedure is complicated. Therefore, it is necessary to find alternate hole transport materials to adapt to the commercial applications of perovskite solar cells. 
· Technologically obtaining large area perovskite films with the available traditional methods is difficult. There is a need to improve these deposition methods for commercial production in the future. 
· The elements involved (especially Pb) employed in perovskite solar cells is toxic, which will in the way of industrial production and promotion of this technology. Various alternatives have been proposed and being tested including double perovskites [7,8,9].                                                        
· The understanding of the microscopic mechanism of perovskite solar cells has not reached the desired levels. This aspect has to be carefully looked into so that further improvements in performance and new materials can be formulated. 
The progress in the value of the efficiency of perovskite solar cells is impressive, but the issue of instability has attracted enormous attention. For the commercialization of perovskite-based solar cells, instability of the fabricated device is the main barrier that has to be surmounted. There is a considerable improvement in the stability of perovskites. Still, it has to be improved considerably. Structural design, charge transport materials, encapsulation methods have to be improved [10,11]. The replacing the poisonous lead has been attempted by applying Goldschmidt’s rule and also quantum mechanical calculations and this methodology has been used for the development of photovoltaics. It is interesting to pay attention to the optoelectronic properties of the lead-free materials to provide environmentally friendly devices. This methodology has to be improved further [12]. The factors namely low cost, large area, high throughput, high solar-to-energy, reproducibility long lifetime and toxicity have to be optimized for these photovoltaic devices to industrial scale applications.[13]. There are various aspects wherein the improvements are essential, and leading experts have discussed these in recent times [14-18]. These can be identified as thermal stability, grain boundary defects, the stoichiometry of the phases, the hysteresis behaviour of the materials and also moisture stability and all these aspects have to be carefully overcome so that commercialization of the technology will prove fruitful. There is considerable progress in identifying the cause of these shortcomings and how to overcome them, but still more research efforts have to be expanded in order to make these materials suitable for commercial application. 
The growth of this field and significant achievement of hybrid organic Inorganic Solar Cells are shown pictorially in Fig 5.2.
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	Source:  Hybrid perovskite solar cells; H. Fujiwara (ed) Wiley VCH (2022)
Fig.5.2. The development of solar cells based on hybrid perovskites.


Even now, rapid progress takes place every day, faster than ever in photovoltaic field. The PCE of 19.3% realized by Yang group [9] is a huge step towards real life applications. Scientists anticipate that PCEs of 28 to 30% are feasible in the near future by fabricating perovskite and crystalline silicon cells in a tandem configuration [47].
Nevertheless, stability is still a big challenge for PSCs. CH3NH3PbI3 is very sensitive to polar solvents such as water. It readily dissolves and decomposes into PbI2 rapidly. Up to now, only a few studies on stability have been reported [6]. These reports concluded that the HTM with long alkyl chains and without deliquescent additives would reduce the water filtration and prevent sensitizer corrosion and improve the humidity stability [63]. Carbon material used as the back contact is believed to act as a water-retaining layer as well. The PCE of the device did not show a decrease after exposure to air for over 1000 hours [21]. However, there is still a long way to go to meet the rigid requirement for long-term outdoor practical applications. On the other hand, the longtime UV exposure stability is another problem for PSCs. Snaith et al. investigated the effect of longtime exposure towards UV light on the performance of PSCs. The performance of PSCs would decay due to the light-induced desorption of surface-adsorbed oxygen on mesoporous TiO2. However, TiO2-free PSCs are protected from this instability [64].
Toxicity of heavy metal, lead to people and the environment is another big concern for scaling up production of PSCs. Scientists are attempting to synthesize lead-free perovskites [5, 64]. The PSC incorporating CH3NH3SnI3−xBrx, a lead-free perovskite, and spiro-OMeTAD produced a PCE of 5.73% [33]. Another alternative is CH3NH3SnI3 on a TiO2 scaffold, which achieved a PCE of 6.4% [65]. To prevent environmental pollution from lead, perovskites made from lead-free composition are likely to be the next widely researched area for PSCs. In general, before making full use of the PSC technology, all the above issues need to be addressed.
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 	re not ideal as solar cell absorbers.
Future prospects of Pb-free halide perovskite materials
On the basis of the above discussion, it looks like that only the Sn-based perovskites are promising for achieving high performance in the near future (Fig. 2b). However, the Sn-based perovskites have significantly worse stability than the Pb-based ones even with encapsulation. The Sn and Pb-based perovskites can borrow technologies from each other to further address the stability issues. We cannot yet judge, however, if they are viable candidates before the stability concern is addressed. Nevertheless, PCEs of 10% or higher are likely on the horizon. Once the Sn4+ oxidation issue is fully addressed and photocarrier recombination rates are suppressed to the levels of the APbI3 materials, Voc of about 0.8 to 1.00 V should be achievable, which in turn will open the path to PCE beyond 15% and dramatically improve their future prospects to a viable lead-free contender. A neighbor of Sn-based perovskites, Ge-based perovskites, is not an ideal choice. However, the mixed Ge/Sn-based perovskites appear to be promising if future work can get the efficiencies higher than 10%. More work in needed to understand the ʽmagicʼ improvement of stability in future studies. One potential problem of Ge-based solar cells is the extremely high cost of Ge. So far, the Pb-free perovskite materials offer is poor dichotomy, (i) path to high-efficiency but poor stability (Sn2+-based), or (ii) good stability but low-performance (Sn4+/Sb/Bi-based etc.). Can we find an ideal Pb-free material with combined good optical and electrical properties with good stability? We hope more researchers will focus on this challenge. Although, the total Pb-weight of a 500 nm-thick perovskite film in solar cells may be small and the device engineering efforts will provide a safe and convincing solution including strategies for recycling Pb-based perovskites, the pursuit of Pb-free devices is certainly a worthy effort. The candidates should be not limited to halide perovskite families, new materials such as chalcogenide perovskites and non-perovskites with new structures are also worth investigating. Clearly, the new candidates should not only have ability to achieve high efficiencies but also be low-cost, scalable fabrication, and most importantly stable enough to reach the industrial standards, at least keeping initial high efficiencies after long-term operational lifetime (around 1000 h) under 85 °C and 85% relative humidity. The technologies of perovskite solar cells are young and exciting and their wheel of development rolls on; future progress will be bright especially as more research and investment efforts are undertaken  Research in the field of organic–inorganic hybrid and halide perovskites has progressed at an unprecedented pace over the past decade and in addition to its significant impact on the field of emergent next-generation PVs, it has been a great learning experience for researchers in the domains of novel lowtemperature solution-based as well as vapour-phase synthesis, molecular engineering of new crystals, growth and structure– property studies on thin films, effects of dopants, defects and interfaces on device-worthy properties, designing of novel device architectures comprising soft and hard materials and their activation under different stimuli. While some of the applications of these materials are waiting to be unleashed into the commercial scene, the concerns of stability over long duration, and new applications based on their unique properties are beginning to be addressed with greater intensity as the material processing methods have matured over time. The understanding of the basic physics and chemistry of the materials and their properties has also matured quite dramatically, allowing better control over their synthesis and their integration with other functional materials in the interest of new device architectures encompassing broader application regimes. The high degree and ease of tunability of the physical properties of OIHPs and IHPs is the hallmark of the novelty and uniqueness of this interesting family of multi-dimensional materials. Amongst other things, ionic and/or molecular ion doping and multi-ion co-doping have attracted great attention of researchers in this context. For optoelectronic devices, it is important to have both n- and p-type versions of the material and hence suitable dopants need to be identified for the said purpose. P-type doping is generally achieved by molecular dopants and is limited to the surface and interface. Since these molecular dopants are much larger compared to the organic cations used in 3D perovskites, they cannot be part of the 3D lattice; hence, physically they will be present at the GBs or on surfaces, limiting the amount that can be used for doping. Hence, bulk p-type doping of perovskite material needs other ideas and approaches. Bi is a by-product in Pb mining and expected to be present in many Pb salts as an impurity. Since Bi gives rise to the formation of trap states in the metal halide perovskite, high-purity Pb salts are essential despite the apparent ‘defect tolerance’ nature of halide perovskites. Other types of heterovalent doping with Al3+, Na+ and K+ appear to be improving the solar cell performance by reducing the electronic defects present in the system. This type of doping does not necessarily change the conductivity by changing the carrier concentration. The effect of these dopants is encountered primarily on the modifications of morphology and crystallographic strains in the system rather than on increasing any particular type of charge carrier concentration. It appears that if the heterovalent ions are not part of the 3D perovskite crystal lattice, they provide a positive effect by passivating the electronic defects whereas if the heterovalent ions become part of the crystal lattice they may introduce undesirable deep electronic defects. Doping halide perovskite in a controlled manner is still a challenge to surmount. More effort in this regard is required to realise a true p–n homojunction perovskite optoelectronic device. Towards this end it is equally important to understand the defect states in these material systems and to control them suitably to avoid their countering of the benefits attained by dopant control. Even morphological controls are important to examine because surface electronic states are known to play an important role in the material properties. In section 4.4 along with sections 6.5 and 6.6, we have depicted and briefly discussed the electronic structure behaviour to envisage the band structures and projected DOS of K2SnX6 (X = I, Br, Cl) and A3Bi2I9 (A = Rb, Cs)-based perovskite systems. Such theoretical insight is useful to elucidate the structure–property relationships in hybrid and halide perovskites. These theoretical investigations are not only confined to explore the hidden electronic and optical properties of a particular HP material, but also important from the perspective of structural and dynamical stability. The electronic structure calculations enable us to refine our judgements about the possible system architecture in terms of the constituent elements and property manipulations necessary to achieve a certain device performance. The computational approach has facilitated finetuning of the elemental composition space in order to achieve the required property portfolio. The theoretically observed charge transfer mechanism has also become quite promising, as elaborated in section 4.3 in the case of 2D/3D interfaces of HP composite. The Bader charge analysis of the electronic structure calculations of such composite systems reveals that the charge between the interfaces is transferring from one structure to another, leading to the stability enhancement of the HP-based active layer of the solar cells. One more essential outcome of the theoretical investigations of such HP materials for vivid optoelectronic applications is to conduct high-throughput computational screening. This particular rational screening enables us to select a handful of theoretically predicted HP structures through stringent criteria of different parameters like the bandgap, charge carrier mobility, formation energy-based structural stability and phonon dispersion-based dynamical stability for experimental validation. Recently, theoretical investigations have also become Recently, theoretical investigations have also become instrumental to explore another fundamental phenomenon, named the Rashba–Dresselhaus effect, through accurate band structure calculations. The experimental validations of the Rashba–Dresselhaus effect through spectroscopic measurements would be a major way forward to the realisation of efficient HP materials for optoelectronic devices. Another important outlook for theoretical investigations is achieving insights into tuning the electronic properties under the influence of external stimuli like hydrostatic pressure, temperature, light and electric field. Here, again, the experiments can be too complex, and it is useful to get predictive modelling inputs to limit the scope of directed experimentation. Numerous detailed investigations on photostability have been conducted. It is clear that we have an electronic contribution and a structural contribution in the photostability, especially the Hoke effect. Moreover, steady-state and timeresolved spectroscopy have indicated the highly efficient ET of charge carriers from the main bandgap to the low-bandgap state, resulting in carrier funnelling. Such funnelling causes the local carrier densities to increase tremendously in the lowbandgap states, thereby increasing the overall PLQY from the low-bandgap state. Such high PLQY can be exploited in innovative LED devices and the reversible PL emission can be used in innovative sensor applications as well. However, it is imperative to understand the real mechanism of such photoinstability and using time-resolved photo-physical techniques we need to track the defect formation, thereby knowing precisely where we are in the journey between photostable and photo-unstable states. In terms of innovative device concepts, we still need to go a long way. In particular, there are several open research areas in both solar cells and LEDs. Stable and efficient blue and red LEDs are yet to be realised. This is mostly due to the perovskite material issues like colour stability, low PLQYs and fast degradation. A multipronged approach involving intrinsic material stability, passivation and doping strategies needs to be adopted to overcome these. On the solar cell front, the new-age IBC-based collar cells are one big way forward in integrating multi-exciton processes like singlet fission and to fabricate efficient tandem solar cell configurations. Scalability of the IBC device platform and poor insulating interlayers are currently limiting their progress; however, by moving from microfabrication to advanced nanofabrication many of these size-dependent issues could be tackled. Availability, robustness and good deposition compatibility of insulating layers in the IBC solar cells will enable the march or leap towards the next generation of highly efficient IBC-based PSCs. Moreover, these achievements would spur the progress in other thin-film solar cell and optoelectronic device technology.
Perovskite materials are already a kind of star material and receive much more attention from the research community, especially in the field of materials science and photovoltaics. So far, perovskite solar cells have already exhibited over 22% efficiency, comparable to CdTe and CIGS solar cells. Perovskite materials are even expected to have the potential to change the current photovoltaics landscape. As we know, the ultimate goal of a photovoltaic technology is to realize its commercialization and wide application. To PSCs, although great progress has been achieved, there is still a long way to go until its practical application in the PV market. To further enhance the cell performance and speed up the commercialization, several issues need to be addressed in the future. First of all, the stability issue is of primary importance. As inorganic–organic hybrid perovskites and devices are susceptible to environmental factors (i.e. moisture, UV light, oxygen, heating), the instability problems of PSCs under outdoor conditions must be resolved. These degradation pathways can be circumvented by appropriate encapsulation, such as using waterproof, airtight coating and UV-protective coating. In addition, the key instabilities are interfacial and electrical-field-induced instability issues, which are strongly dependent on ion migration in the perovskite itself. This ion migration may be intrinsic and cannot be solved by device encapsulation. Further investigation has revealedthat ion migration may be responsible for many unusual phenomena in the perovskite andthe devices, such asI-Vhysteresis, the switchable photovoltaic effect, the giant dielectric constant, photo-induced phase separation, the photo-induced self-poling effect and electrical-fielddriven reversible conversion between PbI2 and perovskite [135]. Therefore, a thorough understanding of the ion migration mechanism is crucial at both experimental and theoretical levels and is expected to help us develop appropriate methodologies to control ion migration in the future. Currently, material engineering and interfacial engineering are generally considered to be effective ways to reduce grain boundaries to prevent ion migration and the decomposition of the perovskite film as well as to improve the stability. Some new methodologies and technologies are also imperative in the future. Secondly, much more effort is still needed to deeply understand the photophysics of perovskites and the devices. Currently, by various time-resolved spectroscopytechniques andtheoretical calculation, some physical properties of perovskite materials have been investigated, which can further confirm their superiority in the charge transfer/separation Perovskite materials are already a kind of star material and receive much more attention from the research community, especially in the field of materials science and photovoltaics. So far, perovskite solar cells have already exhibited over 22% efficiency, comparable to CdTe and CIGS solar cells. Perovskite materials are even expected to have the potential to change the current photovoltaics landscape. As we know, the ultimate goal of a photovoltaic technology is to realize its commercialization and wide application. To PSCs, although great progress has been achieved, there is still a long way to go until its practical application in the PV market. To further enhance the cell performance and speed up the commercialization, several issues need to be addressed in the future. First of all, the stability issue is of primary importance. As inorganic–organic hybrid perovskites and devices are susceptible to environmental factors (i.e. moisture, UV light, oxygen, heating), the instability problems of PSCs under outdoor conditions must be resolved. These degradation pathways can be circumvented by appropriate encapsulation, such as using waterproof, airtight coating and UV-protective coating. In addition, the key instabilities are interfacial and electrical-field-induced instability issues, which are strongly dependent on ion migration in the perovskite itself. This ion migration may be intrinsic and cannot be solved by device encapsulation. Further investigation has revealedthat ion migration may be responsible for many unusual phenomena in the perovskite andthe devices, such asI-Vhysteresis, the switchable photovoltaic effect, the giant dielectric constant, photo-induced phase separation, the photo-induced self-poling effect and electrical-fielddriven reversible conversion between PbI2 and perovskite [135]. Therefore, a thorough understanding of the ion migration mechanism is crucial at both experimental and theoretical levels and is expected to help us develop appropriate methodologies to control ion migration in the future. Currently, material engineering and interfacial engineering are generally considered to be effective ways to reduce grain boundaries to prevent ion migration and the decomposition of the perovskite film as well as to improve the stability. Some new methodologies and technologies are also imperative in the future. Secondly, much more effort is still needed to deeply understand the photophysics of perovskites and the devices. Currently, by various time-resolved spectroscopytechniques andtheoretical calculation, some physical properties of perovskite materials have been investigated, which can further confirm their superiority in the charge transfer/separation In the meantime, higher Voc is also expected by careful control of the luminescent property of the perovskite, thus leading to higher PCE. Fabricating highly efficient, stable PSCs is a systematic and multidisciplinary project, which requires contributions from semiconductor physicists, organic chemists, material scientists and even engineers. With substantial efforts toward developing hybrid perovskite materials, it is believed that a kind of reliable photovoltaictechnology based on perovskites can be realized in the future.
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materials for solar cells.   The progress in this application of these materials has been dealt with in 



the earlier chapters. The rapid progress in this field is again traced in the following figure. 



  



Fig X.1.  The graphical representation of the year-wise evolution of the efficiency of perovskite-
based solar cells. The figures in blue are the certified efficiencies by NREL. [Figure reproduced 
from reference 6] 



Despite this rapid development, some critical factors appear to restrict this unusually rapid 



development of perovskite-based solar cells [4,5].  These can be listed as follows: 



• The stability especially of the organic lead halide perovskites is greatly affected by 



environmental factors (like humidity, temperature, and radiation), which lead to the low 



stability of the devices and the great difficulties in encapsulating cells. To specify the exact 



composition of the device and also to package the layers for the charge transport will be 



necessary for the practical application of these devices. 



• The hole transporting material employed in perovskite-based solar cells is expensive, and 



its synthesis procedure is complicated. Therefore, it is necessary to find alternate hole 



transport materials to adapt to the commercial applications of perovskite solar cells.  



• Technologically obtaining large area perovskite films with the available traditional methods 



is difficult.  There is a need to improve these deposition methods for commercial production 



in the future. 
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