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Abstract 

    The perovskite solar cells have attracted much attention recently due to their low 

fabrication cost and high power conversion efficiency. However, the instability of such 

devices remained a serious challenge, which is yet to be resolved despite many attempts. 

In this thesis, the moisture degradation mechanism has been uncovered. It was found 

that the perovskite structure can be reconstructed when annealed at around 90℃, which 

leads to a reversible device of a much higher device lifetime. Following the 

experimental explorations, modelling work has also been conducted to simulate the 

water diffusion during the degradation and recovery. It was found that the moisture 

diffusion was initiated at the surface imperfection, where the activation energy for 

diffusion can be reduced. Based on these discoveries, a fresh structural negotiation 

method has been proposed to obtain a stable FAPbI3 phase of a suitable bandgap for 

photovoltaics, which showed a reduced Gibbs free energy of 0.12eV compared with the 

δ phase. In addition, the activation energy for such phase transition was calculated to 

be 0.45eV, meaning that the discovered phase is protected by both thermodynamics and 

kinetics. All this opens an unprecedented avenue in perovskite research, which will 

hopefully be of intrinsic interest to the broad materials research community as well. 
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Chapter 1 Introduction 

1.1 Solar energy 

The solar energy is one of the most abundant source of renewable energy, which is 

about 5.4×1024J/year 1,2. Such amount of energy is a hundred times larger than other 

known reserves of fossil fuels such as oil, coal, and gas combined, which are 6.3×1021J, 

5×1021J, and 20×1021J/year, respectively 1.  Solar cells are the most suitable devices 

for the direct transformation of sunlight into electric power 3, which is basically a PN 

junction, as shown in Fig. 1.1. Despite the availability of several solar devices, the cost 

of cell fabrication must be substantially reduced so that solar energy can become an 

economical competitor to oil, coal, or gas4–8.  

 

Figure 1. 1. PN junction structure. 

 

1.2. Perovskite Solar Cell 

Among all those solar cells, perovskite solar cells (PSCs) have attracted much attention 
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recently 9. Perovskite, named after the Russian mineralogist Perovski, has a specific 

crystal structure with the same type of crystal structure as calcium titanium oxide 10, as 

shown in Fig. 1.2. And in PSC, the perovskite materials have an ABX3 composition, 

where cation B is usually Pb or Sn 11, A is the organic/inorganic monovalent cations 

such as methylamine MA+ (CH3NH3
+) and formamidinium FA+ (HC(NH2)2

+) 12, and 

the X is the halide ion 13. The MAPbI3 perovskite solar cell was firstly reported in 2009 

by Miyasaka et al, which showed a power conversion efficiency (PCE) of only 3.8% 14. 

During the past decade, such efficiency has increased to over 25%, making them 

comparable to the commercially available Si solar panel, as shown by the NREL Best 

Research-Cell Efficiency Chart. Such remarkable performance was attributed to the 

magical characteristics of the perovskite structure, including favorable light absorption 

bandgap, long carrier lifetime and diffusion length, and low binding energy between 

the carriers 15. 

 

Figure 1. 2. Crystal structure of perovskite materials.  
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Figure 1. 3. Best Research-Cell Efficiency Chart produced by the NREL website 16. 

 

The PSCs are constructed by several layers, which include cathode electrode 

(fluorinated tin oxide glass), electron transport layer (ETL), perovskite layer, hole 

transport layer (HTL), and metal anode (Au or Ag) 17. The perovskite layer acts as the 

active layer to absorb sunlight and generate charge carriers. The ETL and HTL extract 

electrons and holes from perovskites, transporting them to the cathode and anode, 

which are connected with the external circuit.  

 

The PSC device is commonly fabricated using two different structures, n–i–p structure 

and planar n–i–p structure 17,18, as shown in Figure 1.5. A typical n–i–p structure 

involves a fluorinated tin oxide (FTO) substrate, an ETL of mesoporous and compact 

titanium oxide (mesoporous-TiO2, around 100–300 nm; compact-TiO2, ≈20–50 nm), 

perovskite layer, then an HTL layer of several hundred nanometers (typically made of 
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Spiro-MeOTAD or PCBM), and finally the metal anode (Au or Ag, 50–100 nm). This 

structure was firstly reported by Grätzel et al in 2012, which then became a classic 

design 17. An inverted p–i–n design has the opposite arrangement in the layer deposition 

sequence as opposed to the n–i–p structures. The HTL was deposited on the surface of 

the FTO substrate first, which was then followed by the perovskite layer and an ETL. 

Eventually, the anode was deposited on the ETL. Such a structure was proposed by Jeng 

et al in 2013, which showed a PCE of more than 20% 17,19. 

 

Figure 1. 4. Energy-level diagram of the PSC layers 17. 

 

Figure 1. 5. PSC device structures 17. 

 

The perovskite layer plays the most important role in the device performance, which is 

influenced significantly by the film morphology. Thus, MAPbI3 and FAPbI3 have been 
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commonly adopted as photovoltaic materials for large-scale perovskite films, due not 

only to the suitable bandgap, but also the ease of preparation and crystal growth 20,21. 

These structures showed excellent optoelectronic properties, such as high absorption 

coefficient, wide absorption spectrum, high carrier concentration, and low exciton 

binding energy. Nowadays, the PCE of the PSCs based on those organic materials has 

been elevated to more than 25%, making them completely comparable to the 

commercial Si solar cells 22. On the other hand, all-inorganic perovskite materials have 

attracted constant attention in recent years, as they demonstrated much better stability 

than the organic materials in the air. This perovskite family has a formula of CsPbX3, 

where X represents halide ions. Compared with their organic counterparts, all-inorganic 

perovskite structure displayed a larger bandgap of around 2.7eV, making them a better 

choice for the application in tandem cells 19. 

 

1.3 Degradation problem & previous attempts 

The perovskite solar cells have experienced the instability problem since the first day 

of their birth. Due to the high reaction activity of the organic part, the lifetime of PSCs 

in the air is only a few hours without encapsulation. Even under the protection of pure 

N2, such lifespan could only increase to several thousand hours, which made the 

instability issue one of the largest challenges in this field 12. The pure inorganic 

counterparts, on the other hand, showed great stability in the air, the CsPbI3/CsPbBr3 

perovskite could remain stable in the air for more than 2500 hours 23. Unfortunately, 

they do not have a suitable bandgap at the working temperature, which is detrimental 
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to the efficiency. It is thus necessary to try to resolve the instability problem of the 

organic perovskite. 

 

Figure 1. 6. The PSC device made of all inorganic perovskite, which exhibited much 

better stability compared to the organic ones 23. 

 

 

Figure 1. 7. The schematic illustration of the degradation of MAPbI3 and phase 

transition of FAPbI3.  

 

In order to enhance the stability of the organic-inorganic perovskite solar cells, a huge 

amount of effect has been devoted to this field 24–26. Researchers first tried to replace 

the A site ions to stabilize the perovskite. Jin Lee et al. proposed the formula of 

FA0.9Cs0.1PbI3, which enhanced the stability of perovskite to several hundred hours, 

leading to an average PCE of 16.5% 27. Additionally, replacing the B site ions has also 



7 

 

 

been believed to be an alternative approach to enhance humidity stability. Nevertheless, 

limited enhancement has been achieved due to the ease of oxidation of other candidates, 

such as Sn 28.  

 

In addition, interface engineering methods have also been investigated to optimize the 

device stability 12. The HTL and ETL materials have attracted much attention 23–27,29–32. 

Currently, Spiro-OMeTAD is the most successful HTL material, which decomposes 

very quickly in the air. Thus, extensive research has been conducted to replace it. Many 

alternatives have been discovered 23–27,29–34, including PEDOT: PSS, OMeTPA-FA, 

P3HT, PTAA, TBPC, and PYR17, etc., which showed better stability. Modifications at 

the ETL interface have also been studied. Zheng et al. have tried to insert NH4I as a 

modifier into the TiO2 ETL layer and the perovskite layer, resulting in a better 

perovskite film 35. More importantly, the I– provided by NH4I could hinder the 

hydrolysis of perovskite, leading to a much-enhanced device lifetime of 700h at 80% 

relative humidity. SnO2 has also been introduced to replace the TiO2 as an ETL, which 

demonstrated higher electron mobility and better band alignment, ensuring a faster 

electron extraction 33,34. Unfortunately, it is evident that those attempts are far from 

enough for the requirements of commercialization, which needs a lifetime of at least 

10000 hours.  

 

In fact, these attempts are destined to be less than successful, when the organic-

inorganic perovskite structures are intrinsically reactive 13,36. Thus, it is of great 
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significance to reveal the degradation mechanism so that better solutions can be 

proposed to eradicate the instability from the root. Despite a great amount of effort, the 

degradation mechanism, in particular, still remains a matter of much debate 37–40. It has 

been found that the stability of MAPbI3 can be affected by many environmental factors, 

such as temperature, oxygen level, UV light, and especially humid levels 15,41. In the 

moisture, such structure could decompose into CH3NH2, CH3NH2, and PbI2 
3, as shown 

in equation (1) and (2).  

MAPbI3 + H2O → MAI + PbI2  (equation 1) 

MAI → CH3NH2 (g) + HI (g)  (equation 2) 

 

Others, however, believed that one water molecule is able to trigger a chain reaction 

and cause the collapse of the perovskite structure. In the follow-up study, some 

intermedia states of MAPbI3 were also revealed, including CH3NH3PbI3·H2O and 

(CH3NH3)4PbI6·2H2O, which was synthesized by adding water to the perovskite single 

crystals 30. Interestingly, it was also discovered that the cell stability maximized at the 

humidity of 0% or 50%, which is counter-intuitive to what was discovered before 42. 

Thus, Li et al conducted simulation work on the degradation mechanism using the first-

principles method, which uncovered that the adsorption energy per water molecule 

would be enhanced from 0.3eV to 0.58eV after eight water molecules 3. They believe 

this is caused by the H-bonding whose interaction is conducive, meaning that the 

hydrolysis process of the perovskite would be accelerated by the increasing number of 

water molecules adsorbed on the structure. Such a seemingly ideal explanation was, 
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however, soon declined by Ahn et al. (2016), who found that, CH3NH3PbI3 would not 

irreversibly decompose in a humid environment, instead, it only decomposes with the 

presence of ions such as N+ or H- in the humid environment 40. In addition, they assumed 

that N+，H- ions introduce a “local electric field” to distort the CH3NH3PbI3 structure 

electrostatically. However, N+ and H- ions could hardly exist in water in reality, as they 

would react with water vigorously 43,44. All this aggravates the controversy, making 

CH3NH3PbI3 stability even more debatable. 

 

Figure 1. 8. (a) The XRD measurement that confirmed the formation of 

CH3NH3PbI3·H2O and (CH3NH3)4PbI6·2H2O (b) (c) & (d) indicated the unit cell of 
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these new phases and the transition process 30. 

 

1.4 Our discoveries 

It is, therefore, the purpose of this thesis to not only neutralize these conflicts, but also 

advance the understanding of perovskite degradation. In chapter 2, it was reported that 

hydrogen bonding between the A site organic ions and halides supported the perovskite 

structure, which was destroyed when the water attacks the structure, causing the 

breakdown. In particular, it is discovered that CH3NH3I formed after structure 

breakdown showed limited degree of hydrolysis in water due to its ionic bonding energy. 

The decomposition of CH3NH3PbI3 was reversed by annealing at around 90 °C after 

the decomposition. These discoveries on MAPbI3 degradation inspired us to resolve the 

phase transition challenge of FAPbI3 in chapter 3. We proposed a totally opposite 

strategy, more specifically, by embracing the moisture instead of eliminating it. Based 

on our previous discovery of the hydrogen bond theory, it is discovered that FAPbI3 is 

capable of forming 3 intermolecular H-bonds, one of which can be replaced by the 

water molecule to enhance the stability of the structure, as has been done in their 

counterparts of MAPbI3. Thus, a stable structure of a similar bandgap of α-FAPbI3 is 

synthesized by adding one water molecule to the perovskite unit cell. From the single 

crystal measurements and thermodynamic/kinetics calculation, it has been revealed that 

the internal strain of α-FAPbI3, which was believed to be the root cause of the phase 

transition, has been removed by the enlarged unit cell of the novel structure. In addition, 

we also proposed a method to purify the MAPbI3 during the synthesizing process in 
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chapter 4 by uncovering the mysterious impurities that have been widely reported. It 

was discovered that N, N-Dimethylformamide (DMF) would decompose at a higher 

temperature, which enabled the organic cation exchange reaction and lead to the 

formation of CH3CH2NH3I (EAI). Subsequently, EAI would react with PbI2 to form 

EAPbI3, leading to a compromised film morphology, which lowers the PCE. Next, we 

conducted the modelling work in chapter 5, which quantitatively simulated the 

diffusion process of water molecules to the perovskite structure. We revealed the kinetic 

details of the perovskite grain degradation and reconstruction under the influence of 

water molecule diffusion. It was found that the moisture diffusion is initiated at the 

surface imperfection, where the activation energy for diffusion was compensated by the 

surface energy. The structure recovery has to follow the reverse diffusion, which 

presents a non-linear diffusional profile, and is accompanied by hysteresis. 

 

Additionally, we also tried to lower the bandgap of all-inorganic perovskite solar cells, 

which was believed to be the largest challenge of such devices. In chapter 6, a fresh all-

inorganic perovskite structure was proposed based on the tolerance factor (t) and 

octahedral factor (μ) of the crystal structure, which is reported to be the golden standard 

to evaluate the perovskite stability and bandgap value. An optimal inorganic perovskite 

of reduced bandgap, KMnF3, was developed and investigated, which presented great 

stability and a good bandgap of 1.7eV. The transport properties tests reveal surprisingly 

excellent carrier density and mobility. Following this work, we explored the magnetic 

response of KMnF3 under the low to moderate magnetic field, which is shown in 
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chapter 7. We unexpectedly discovered that, under the presence of modest magnetic 

field strength of 0.4T, KMnF3 perovskite exhibits both bandgap reduction from 1.77eV 

to 1.54eV as well as electrical conductivity enhancement by a factor of 10. Similar but 

less dramatic results were also obtained in other perovskites, such as MAPbI3 and 

CsPbBr3.  

 

References 

(1)  Musa, A.; Danyou, Y.; Ampaw, E. Analysis of Solar Radiation Data in Northern 

Ghana; LAP Lambert Academic, 2012. 

(2)  Adaramola, M. S.; Agelin-Chaab, M.; Paul, S. S. Analysis of Hybrid Energy 

Systems for Application in Southern Ghana. Energy Convers. Manag. 2014. 

https://doi.org/10.1016/j.enconman.2014.08.029. 

(3)  Li, M.; Li, H.; Fu, J.; Liang, T.; Ma, W. Recent Progress on the Stability of 

Perovskite Solar Cells in a Humid Environment. J. Phys. Chem. C 2020, 124 

(50), 27251–27266. 

(4)  Teodorescu, C. M.; Lungu, G. A. Band Ferromagnetism in Systems of Variable 

Dimensionality. J. Optoelectron. Adv. Mater. 2008, 10 (11), 3058–3068. 

(5)  Griffiths, D. J.; Reeves, A. Electrodynamics. Introd. to Electrodyn. 3rd ed., 

Prentice Hall, Up. Saddle River, New Jersey 2005, 301, 574–574. 

(6)  Ajiki, H.; Ando, T. Electronic States of Carbon Nano Tubes. J. Phys. Soc. Japan 

1993, 62 (4), 1255–1266. https://doi.org/10.1143/JPSJ.62.1255. 

(7)  Gulyamov, G.; Erkaboev, U. I.; Majidova, G. N.; Qosimova, M. O.; Davlatov, A. 



13 

 

 

B. New Method of Determining the Landau Levels in Narrow-Gap 

Semiconductors. Open J. Appl. Sci. 2015, 05 (12), 771–775. 

https://doi.org/10.4236/ojapps.2015.512073. 

(8)  Fedorov, G.; Barbara, P.; Smirnov, D.; Jiḿnez, D.; Roche, S. Tuning the Band 

Gap of Semiconducting Carbon Nanotube by an Axial Magnetic Field. Appl. 

Phys. Lett. 2010, 96 (13), 132101. https://doi.org/10.1063/1.3360214. 

(9)  Hardin, B. E.; Snaith, H. J.; McGehee, M. D. The Renaissance of Dye-Sensitized 

Solar Cells. Nat. Photonics 2012, 6 (3), 162–169. 

(10)  Wu, Z.; Bai, S.; Xiang, J.; Yuan, Z.; Yang, Y.; Cui, W.; Gao, X.; Liu, Z.; Jin, Y.; 

Sun, B. Efficient Planar Heterojunction Perovskite Solar Cells Employing 

Graphene Oxide as Hole Conductor. Nanoscale 2014, 6 (18), 10505–10510. 

(11)  Eperon, G. E.; Burlakov, V. M.; Docampo, P.; Goriely, A.; Snaith, H. J. 

Morphological Control for High Performance, Solution‐processed Planar 

Heterojunction Perovskite Solar Cells. Adv. Funct. Mater. 2014, 24 (1), 151–157. 

(12)  Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.; Duan, H.-S.; Hong, Z.; You, J.; 

Liu, Y.; Yang, Y. Interface Engineering of Highly Efficient Perovskite Solar Cells. 

Science (80-. ). 2014, 345 (6196), 542–546. 

(13)  Wang, R. T.; Tai, E. G.; Chen, J. Y.; Xu, G.; LaPierre, R.; Goktas, N. I.; Hu, N. 

A KMnF3 Perovskite Structure with Improved Stability, Low Bandgap and High 

Transport Properties. Ceram. Int. 2019, 45 (1), 64–68. 

(14)  Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide 

Perovskites as Visible-Light Sensitizers for Photovoltaic Cells. J. Am. Chem. Soc. 



14 

 

 

2009, 131 (17), 6050–6051. https://doi.org/10.1021/ja809598r. 

(15)  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 (80-. ). 2012, 338 (6107), 643–647. 

(16)  Yan, Y.; Lin, X.; Yang, S.; Blake, A. J.; Dailly, A.; Champness, N. R.; Hubberstey, 

P.; Schröder, M.; Koo, J. Y.; Yakiyama, Y.; et al. Best Research-Cell Efficiency 

Chart | Photovoltaic Research | NREL. J. Am. Chem. Soc. 2020. 

(17)  Wang, F.; Cao, Y.; Chen, C.; Chen, Q.; Wu, X.; Li, X.; Qin, T.; Huang, W. 

Materials toward the Upscaling of Perovskite Solar Cells: Progress, Challenges, 

and Strategies. Advanced Functional Materials. 2018. 

https://doi.org/10.1002/adfm.201803753. 

(18)  Wang, P.; Wu, Y.; Cai, B.; Ma, Q.; Zheng, X.; Zhang, W. H. Solution-Processable 

Perovskite Solar Cells toward Commercialization: Progress and Challenges. 

Advanced Functional Materials. 2019. https://doi.org/10.1002/adfm.201807661. 

(19)  Tian, J.; Xue, Q.; Yao, Q.; Li, N.; Brabec, C. J.; Yip, H. L. Inorganic Halide 

Perovskite Solar Cells: Progress and Challenges. Advanced Energy Materials. 

2020. https://doi.org/10.1002/aenm.202000183. 

(20)  Akman, E.; Shalan, A. E.; Sadegh, F.; Akin, S. Moisture-Resistant FAPbI3 

Perovskite Solar Cell with 22.25 % Power Conversion Efficiency through 

Pentafluorobenzyl Phosphonic Acid Passivation. ChemSusChem 2021, 14 (4), 

1176–1183. https://doi.org/10.1002/cssc.202002707. 

(21)  Christians, J. A.; Miranda Herrera, P. A.; Kamat, P. V. Transformation of the 



15 

 

 

Excited State and Photovoltaic Efficiency of CH3NH3PbI3 Perovskite upon 

Controlled Exposure to Humidified Air. J. Am. Chem. Soc. 2015. 

https://doi.org/10.1021/ja511132a. 

(22)  Niu, G.; Guo, X.; Wang, L. Review of Recent Progress in Chemical Stability of 

Perovskite Solar Cells. J. Mater. Chem. A 2015. 

https://doi.org/10.1039/c4ta04994b. 

(23)  Liang, J.; Wang, C.; Wang, Y.; Xu, Z.; Lu, Z.; Ma, Y.; Zhu, H.; Hu, Y.; Xiao, C.; 

Yi, X. All-Inorganic Perovskite Solar Cells. J. Am. Chem. Soc. 2016, 138 (49), 

15829–15832. 

(24)  Hu, L.; Li, M.; Yang, K.; Xiong, Z.; Yang, B.; Wang, M.; Tang, X.; Zang, Z.; Liu, 

X.; Li, B. PEDOT: PSS Monolayers to Enhance the Hole Extraction and Stability 

of Perovskite Solar Cells. J. Mater. Chem. A 2018, 6 (34), 16583–16589. 

(25)  Xu, K. J.; Wang, R. T.; Xu, A. F.; Chen, J. Y.; Xu, G. Hysteresis and Instability 

Predicted in Moisture Degradation of Perovskite Solar Cells. ACS Appl. Mater. 

Interfaces 2020, 12 (43), 48882–48889. 

(26)  Wang, R. T.; Xu, A. F.; Yang, L. W.; Chen, J. Y.; Kitai, A.; Xu, G. Magnetic-

Field-Induced Energy Bandgap Reduction of Perovskite KMnF 3. J. Mater. 

Chem. C 2020, 8 (12), 4164–4168. 

(27)  Lee, J.; Kim, D.; Kim, H.; Seo, S.; Cho, S. M.; Park, N. Formamidinium and 

Cesium Hybridization for Photo‐and Moisture‐stable Perovskite Solar Cell. Adv. 

Energy Mater. 2015, 5 (20), 1501310. 

(28)  Jiang, Q.; Zhang, X.; You, J. SnO2: A Wonderful Electron Transport Layer for 



16 

 

 

Perovskite Solar Cells. Small. 2018. https://doi.org/10.1002/smll.201801154. 

(29)  Choi, H.; Mai, C.-K.; Kim, H.-B.; Jeong, J.; Song, S.; Bazan, G. C.; Kim, J. Y.; 

Heeger, A. J. Conjugated Polyelectrolyte Hole Transport Layer for Inverted-

Type Perovskite Solar Cells. Nat. Commun. 2015, 6 (1), 1–6. 

(30)  Leguy, A. M. A.; Hu, Y.; Campoy-Quiles, M.; Alonso, M. I.; Weber, O. J.; 

Azarhoosh, P.; Van Schilfgaarde, M.; Weller, M. T.; Bein, T.; Nelson, J. 

Reversible Hydration of CH3NH3PbI3 in Films, Single Crystals, and Solar Cells. 

Chem. Mater. 2015, 27 (9), 3397–3407. 

(31)  Yang, L. W.; Liu, E. E.; Xu, A. F.; Chen, J. Y.; Wang, R. T.; Xu, G. Improving 

Linear Range Limitation of Non-Enzymatic Glucose Sensor by OH− 

Concentration. Crystals 2020, 10 (3), 186. 

(32)  Wang, R. T.; Yang, L. W.; Xu, A. F.; Liu, E. E.; Xu, G. Achieving Nonenzymatic 

Blood Glucose Sensing by Uprooting Saturation. Anal. Chem. 2020, 92 (15), 

10777–10782. 

(33)  Bao, Q.; Liu, X.; Braun, S.; Fahlman, M. Oxygen‐and Water‐based Degradation 

in [6, 6]‐phenyl‐C61‐butyric Acid Methyl Ester (PCBM) Films. Adv. Energy 

Mater. 2014, 4 (6), 1301272. 

(34)  Wu, W.; Chen, D.; Cheng, Y.; Caruso, R. A. Thin Films of Tin Oxide Nanosheets 

Used as the Electron Transporting Layer for Improved Performance and Ambient 

Stability of Perovskite Photovoltaics. Sol. Rrl 2017, 1 (11), 1700117. 

(35)  Zheng, H.; Liu, G.; Zhu, L.; Ye, J.; Zhang, X.; Alsaedi, A.; Hayat, T.; Pan, X.; 

Dai, S. Enhanced Performance and Stability of Perovskite Solar Cells Using 



17 

 

 

NH4I Interfacial Modifier. ACS Appl. Mater. Interfaces 2017, 9 (46), 41006–

41013. 

(36)  Wang, R.; Mujahid, M.; Duan, Y.; Wang, Z. K.; Xue, J.; Yang, Y. A Review of 

Perovskites Solar Cell Stability. Advanced Functional Materials. 2019, p 

1808843. https://doi.org/10.1002/adfm.201808843. 

(37)  Yang, J.; Siempelkamp, B. D.; Liu, D.; Kelly, T. L. Investigation of 

CH3NH3PbI3degradation Rates and Mechanisms in Controlled Humidity 

Environments Using in Situ Techniques. ACS Nano 2015. 

https://doi.org/10.1021/nn506864k. 

(38)  Leguy, A. M. A.; Hu, Y.; Campoy-Quiles, M.; Alonso, M. I.; Weber, O. J.; 

Azarhoosh, P.; van Schilfgaarde, M.; Weller, M. T.; Bein, T.; Nelson, J.; et al. 

Reversible Hydration of CH3NH3PbI3 in Films, Single Crystals, and Solar Cells. 

Chem. Mater. 2014. https://doi.org/10.1021/acs.chemmater.5b00660. 

(39)  Zhu, Z.; Hadjiev, V. G.; Rong, Y.; Guo, R.; Cao, B.; Tang, Z.; Qin, F.; Li, Y.; 

Wang, Y.; Hao, F.; et al. Interaction of Organic Cation with Water Molecule in 

Perovskite MAPbI3: From Dynamic Orientational Disorder to Hydrogen 

Bonding. Chem. Mater. 2016. https://doi.org/10.1021/acs.chemmater.6b02883. 

(40)  Ahn, N.; Kwak, K.; Jang, M. S.; Yoon, H.; Lee, B. Y.; Lee, J. K.; Pikhitsa, P. V.; 

Byun, J.; Choi, M. Trapped Charge-Driven Degradation of Perovskite Solar 

Cells. Nat. Commun. 2016. https://doi.org/10.1038/ncomms13422. 

(41)  Liu, M.; Johnston, M. B.; Snaith, H. J. Efficient Planar Heterojunction Perovskite 

Solar Cells by Vapour Deposition. Nature 2013. 



18 

 

 

https://doi.org/10.1038/nature12509. 

(42)  Li, D.; Liao, P.; Shai, X.; Huang, W.; Liu, S.; Li, H.; Shen, Y.; Wang, M. Recent 

Progress on Stability Issues of Organic–Inorganic Hybrid Lead Perovskite-

Based Solar Cells. RSC Adv. 2016, 6 (92), 89356–89366. 

(43)  Rau, A. R. P. The Negative Ion of Hydrogen. Journal of Astrophysics and 

Astronomy. 1996. https://doi.org/10.1007/BF02702300. 

(44)  Christe, K. O.; Wilson, W. W.; Sheehy, J. A.; Boatz, J. A. N5+: A Novel 

Homoleptic Polynitrogen Ion as a High Energy Density Material. Angew. 

Chemie - Int. Ed. 1999. https://doi.org/10.1002/(SICI)1521-

3773(19990712)38:13/14<2004::AID-ANIE2004>3.0.CO;2-7. 



15 

 

Chapter 2 Reversing Organic-inorganic Hybrid Perovskite 

Degradation in Water via pH and Hydrogen Bonds 

Author contributions: Ryan T. Wang proposed the idea and conducted the experiments. 

Alex F Xu, Lory W Yang and Jason Y Chen assisted the experiment. Dr. James Britten 

and Victoria Jarvis helped the single crystal XRD experiments. Dr. Gu Xu provided 

overall supervision and the funding. This chapter is published in The Journal of Physical 

Chemistry Letters, 2020 



16 

 

 

The moisture instability of organic-inorganic hybrid perovskite solar cells has been a 

major obstacle to the commercialization, calling for the mechanistic understanding of 

the degradation process, which has been under debate. Here we present a surprising 

discovery that the degradation is actually reversible, via in-situ observation of X-ray 

diffraction, supported by FTIR and SEM. To isolate the hydrogen bond effect, water 

was replaced by methanol during the in-situ experiment, revealing the decomposition 

to be initiated by the breakdown of N-H-I hydrogen bonds. This is followed by the step 

of organic iodide hydrolyzing, which can be inhibited in the neutral environment, 

making the whole process reversible under variable pH. 

 

TOC GRAPHICS 

 

Introduction 

Great progress has been achieved in the energy efficiency of the CH3NH3PbI3 

(MAPbI3) and CH5N2PbI3 (FAPbI3) perovskite solar cells since their first report, when 

the power conversion efficiency increased from 3.8% to 25.2% within the last decade 

1,2. While such record performance seems to inspire a new era for clean energy 
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development, the stability of such perovskites, especially the moisture stability, remains 

a challenge, which prevents the commercialization of the perovskite solar cells. The 

unpacked devices decompose usually within a day 3,4, and with encapsulation the 

highest lifetime reported is still under 4000 hours, nowhere near the threshold of 

commercialization 5–7. 

 

Although various attempts have been made, such as replacing A, B and X ions 8,9, 

morphology engineering 8–10, or employing hydrophobic hole transport layer 11, none 

resolves the stability issue. This is obviously caused by the nature of blind trials without 

the mechanistic understanding behind the degradation. As an example, preventing H2O 

molecules from contacting the perovskites such as MAPbI3 or FAPbI3, could only delay 

the problem, rather than eliminate it completely, especially when they are intrinsically 

unstable 12. It is thus necessary to unravel the root cause, and to uncover the scientific 

basis of the decomposition, in order to acquire effective strategies. 

 

Despite a great amount of effort, the degradation mechanism, in particular, still 

remains a matter of much debate 13–16. For example, although the decomposition 

process of CH3NH3PbI3 perovskites in a humid environment has been studied by many 

groups 11-16, contradictory observations have been reported 11,13, and the degradation 

mechanism has remained unclear with respect to the conflicts. It was found that 

CH3NH3PbI3 is prone to hydrolyze in the presence of water, resulting in degradation 

products CH3NH2, HI, and PbI2. For example, Niu et al. (2014) proposed that water 
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dissolves CH3NH3PbI3 and deprotonates CH3NH3
+, leading to the formation of 

CH3NH2, HI, and PbI2. Such explanation was later questioned by others, as it could not 

explain the phase change detected during the decomposition 18,19. 

 

In the meantime, this phase change seemed to be accounted for by Leguy et al. 

(2014), who discovered the CH3NH3PbI3 hydrate. They believed that CH3NH3PbI3 

forms a monohydrate first and a dihydrate next under a humid environment, which 

breaks the perovskite structure and causes the formation of CH3NH3I and PbI2, and 

eventually, the CH3NH3I reacts with H2O and the decomposition is no longer reversible. 

In other words, the structural collapse is attributed to the hydrogen bond breakdown 14. 

Their discoveries were also supported by others 19, who believed that only the formation 

of the monohydrate is reversible, instead of the whole process. Such a seemingly ideal 

explanation was, however, soon declined by Ahn et al. (2016), who found that, 

CH3NH3PbI3 would not irreversibly decompose in humid condition, instead, it only 

decomposes with the presence of ions such as N+ or H- in the humid environment 16. In 

addition, they assumed N+，H- ions introduce a “local electric field” to distort the 

CH3NH3PbI3 structure electrostatically. However, N+ and H- ions could hardly exist in 

water in reality, as they would react with water vigorously 20,21. All this aggravates the 

controversy, making CH3NH3PbI3 stability even more debatable. Numerical 

simulations of the decomposition process 3,22–26 have also been added to the debate, 

where the atomic level perceptions are often inconsistent, and the interpretations are 

usually hypothetical.  
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It is therefore the purpose of the current letter, to try to end this long dispute and 

expose the root cause of the organic-inorganic hybrid perovskite decomposition process 

using CH3NH3PbI3 as an example. Employing in-situ X-ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FTIR)，and scanning electron microscopy (SEM), we 

were able to reveal the influence of hydrogen bonds on the structural stability, and to 

uncover for the first time the root cause of the degradation. In particular, we discovered 

by surprise that CH3NH3I is stable in water. This is one factor which allows the 

decomposition of CH3NH3PbI3 to be reversible when annealed at around 90 °C after 

the decomposition in water. By the addition of acid or base into the water, we revealed 

the real culprit of CH3NH3PbI3 degradation, which not only advances the conceptual 

understanding of CH3NH3PbI3 instability successfully, but also differentiates various 

hypotheses and conflicts. 

 

Results & Discussion 

To identify the true cause of the degradation, the in-situ XRD measurement was 

first adopted by creating a methanol environment, rather than that of moisture, to isolate 

the effect of hydrogen bonds, which allows for a better controlled observation of the 

CH3NH3PbI3 decomposition. Although similar in-situ experiments have been 

conducted before using water vapor, H2O would affect CH3NH3PbI3 in many ways, 

including hydrogen bonds, hydration reaction or dissolution 17, which may overshadow 

the effect of hydrogen bonds. Hence in our case, H2O was replaced by methanol, which 



20 

 

 

is also capable of forming intermolecular hydrogen bonds with the perovskite. It is thus 

necessary to use CH3OH, instead of water in the first place, to isolate the effect of 

hydrogen bonds and eliminate the possibility of hydration reaction.   

 

Preliminary experiment was conducted in the ex-situ environment beforehand to 

determine the scan range of the in-situ measurement. As shown in Figure (2. 1a), while 

the ex-situ results proved the decomposition of CH3NH3PbI3 in methanol liquid, further 

in-situ measurement was necessary to study the decomposition process, not only 

because the ex-situ experiment was unable to detect the compositional change with time, 

but also because the characteristic peaks of CH3NH3PbI3 and CH3NH3I are too close to 

be separated in high theta range measurement. Two theta range of 36.3-41.5° were 

selected to conduct the in-situ measurement, as this range contains characteristic peaks 

of CH3NH3PbI3, CH3NH3I and PbI2. As demonstrated in Figure (2. 1b), the peak at 37.2° 

was weakening over time in methanol-enriched environment, while peaks at 36.8° and 

40° were strengthened over time, which displayed a live phase change from 

CH3NH3PbI3 to CH3NH3I and PbI2. This degradation can be attributed to the -OH group 

in methanol, which disrupted the interaction between CH3NH3
+ and PbI6

- octahedral 

via hydrogen bonding.  
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Figure 2. 1. (a)XRD results (WL=1.54Ǻ) of CH3NH3PbI3 before and after immersion 

in liquid methanol, CH3NH3PbI3 gradually reformed as methanol evaporates; (b) In-situ 

XRD monitoring of CH3NH3PbI3 decomposition in methanol for 7 days 

(WL=1.78Ǻ);▼: MAPbI3; ◆: PbI2; ◇: MAI. 

 

Further evidence was obtained by FTIR spectroscopy. As shown in Figure 2. 2, the 

peaks of fresh CH3NH3PbI3, as well as that after the methanol degradation were 

displayed. The methyl group produces rocking absorption at 910 cm−1, and scissoring 

at 1470 cm−1, whereas the ammonium functional groups are rocking at 1000 cm−1 and 

1250 cm−1, bending at 1650 cm−1, and stretching at 3100 cm−1 27. Conspicuous signal 

strength and width increase in all the ammonium functional group related peaks were 

observed along the black curve, attributed to the hydrogen bonding interaction in N-H-

I 28.  
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Figure 2. 2. FTIR results of CH3NH3PbI3 before and after decomposition in methanol. 

 

In a subsequent analysis, SEM was employed before and after the decomposition 

by methanol. Significant differences were observed. Before the degradation, clear 

CH3NH3PbI3 grain boundaries were visible, with grain sizes of ca. 1 μm, as shown in 

Figure (2. 3a). Such morphology changed completely after the decomposition, as can 

be viewed in Figure (2. 3b), where large cubes were surrounded by needle-like fibers, 

indicating that CH3NH3PbI3 has now been decomposed by CH3OH, and CH3NH3I is 

surrounded by PbI2 fibers 29. This was further verified by the EDS results (Figure S2.3), 

which showed no CH3NH3I in needle-shaped areas, as no nitrogen element was detected. 
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Figure 2. 3. SEM results of CH3NH3PbI3 (a) before and (b) after decomposition in 

methanol. 

 

A critical step has been achieved by the results of these experiments, viz., it was 

indeed the hydrogen bonds, which initiated the structural breakdown. This could 

otherwise not be verified by the similar experiments involving H2O vapor.  

 

Beyond the initiation of structure breakdown by hydrogen bonds, the next stage of 

degradation of the remaining substance in moisture condition may also be investigated 

by XRD, such as the possible hydrolysis of CH3NH3I, leading to the complete 

decomposition of CH3NH3PbI3. By wetting CH3NH3PbI3 thin film sample in water, it 

was found that, the degradation products changed back to CH3NH3PbI3 after annealing, 

which was believed to be impossible before 14–18. As can be found in Figure (2. 4a), 

after immersion in water the CH3NH3PbI3 (black) sample became yellow within 30s, 

which was confirmed by XRD, showing CH3NH3I, PbI2 and (CH3NH3)4PbI6· 2H2O. 

The yellow sample was changed back to black color by annealing at 90 °C for 25 min, 
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as illustrated in Figure (2. 4b). There was no residual water on the reannealed film, as 

no hydrate was detected by XRD. Such reversibility could be maintained even after 

several decomposition-regeneration cycles, which has never been reported before. It 

proves that degree of hydrolysis of CH3NH3I is relatively low in water, otherwise it 

would be consumed completely. 

 

Figure 2. 4. (a) XRD results of CH3NH3PbI3 before and after wetting in water; (b)the 

pictures of the film before and after it’s immersed in water, as well as the reheated film. 

★: MAPbI3 dihydrate, ◆: PbI2, ▼: MAPbI3, ◇: MAI. 

 

Last but not least, it was found that, although CH3NH3I hydrolysis is inhibited in 

water, and CH3NH3PbI3 degradation is completely reversible, such stability and 

reversibility cannot be maintained if the pH is increased to the alkaline realm. To 

investigate the influence of H+ and OH-, the CH3NH3PbI3 samples were measured after 

immersion in 1 mol/L HCl and NaOH, respectively, and followed by annealing at 90 °C 
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for 25 min. According to the XRD results, shown in Figure (2. 5a), under alkaline 

condition, after the initiation of breakdown by hydrogen bonds, i.e., CH3NH3PbI3 into 

CH3NH3I and PbI2, the hydrolysis of CH3NH3I did happen when facilitated by 

hydroxide ions, and CH3NH3PbI3 was completely decomposed (scheme 1). At high OH- 

concentrations, PbI2 reacted with OH- to become Pb2O(OH)I (scheme 2). While in the 

acidic environment, CH3NH3PbI3 turned black by heating. The reversibility is 

maintained, leaving only a small amount of untransformed PbI2. A schematic 

illustration of the reaction path in acid and base is shown in Figure (4. 5b). 

CH3NH3I+OH-→CH3NH2↑+H2O+I-     Scheme (1) 

PbI2+OH-→Pb2O(OH)I     Scheme (2) 

 

Figure 2. 5. (a) XRD results of fresh CH3NH3PbI3 and decomposed CH3NH3PbI3 in 

acid and base; (b) the schematic illustration of the reaction path in acid and base, 

respectively. 
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A clearer picture can now be established by the above experiments, in comparison 

to the literature, where the influence of hydrogen bonds could be masked, and reversible 

reaction overlooked, especially the influence of pH neglected 13,14. Although the 

influence of coexisting N+/H- and water has been probed, and CH3NH3PbI3 was 

believed to degrade irreversibly under the presence of both ions and water 16, the N+ 

and H- ions are highly active and prone to react with water 20,21, which implies N+/H- 

and water may not coexist. The actual influence of ions was found to be on the 

hydrolysis of CH3NH3I, as indicated by the results here, which is accelerated in basic 

environment. 

 

With our new findings, the degradation process at the atomic level can now be 

uncovered by the solution synthesis mechanism of CH3NH3PbI3 perovskite. As shown 

in Figure 2. 6, during the solution synthesis process, a 2-D sheet of PbI2 crystal converts 

to a 1-D strips when dissolved in polar solvent. Next, the CH3NH3I intercalates into 

those strips and connects them to form a 3-D perovskite structure by Pb-I-Pb interaction 

and H-I hydrogen bonds. When both hydrogen bonds are destroyed; the Pb-I-Pb 

interaction is vulnerable to the substitution by the lone pair electron in oxygen from 

water, which enables CH3NH3
+ and I- to move and breaks the 3-D structure. Reversible 

reaction is only possible if the 2 components are activated to form those bonds again.  
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Figure 2. 6. Schematic illustration of CH3NH3PbI3 reversible decomposition. 

      

Moreover, the inhibition of CH3NH3I hydrolysis in water may now be explained 

by our pH results and single crystal XRD, giving that the CH3NH3I hydrolysis will be 

influenced by the concentration of hydroxide ions. In the neutral environment, the OH- 

concentration is low, thus the hydrolysis reaction is inhibited. While in basic condition, 

OH- accelerates the hydrolysis reaction, which is why only PbI2 remains eventually. In 

addition, CH3NH3I is connected by ionic bonds, a type of bond with large bonding 

energy. Thus, single crystal XRD on CH3NH3I may be conducted to estimate its ionic 

bonding energy a priori. The result shows that the distance between I- and H attached 

to nitrogen is 3.97 Å. From the calculation of Chem3D Pro 30, the bonding energy 

between CH3NH3
+ and I- was found to be 1.5 eV, which closely resembles that from the 

modelling results (1eV) 31.  
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      To summarize, the moisture decomposition of CH3NH3PbI3 may be separated 

into two steps. In the first step, H2O molecules get inside the CH3NH3PbI3 layer, to start 

the interaction of H2O with CH3NH3
+, as the latter is more likely to form hydrogen 

bonds with H2O. This relocation of the hydrogen bonds removes the support inside the 

CH3NH3PbI3 to maintain its 3D structure, which in turn collapses into PbI2 fibrous 

intermediate and CH3NH3I. In the second step, CH3NH3I reacts with OH- in water, 

forming CH3NH2 and HI gas, making the water slightly acidic. However, the hydrolysis 

reaction of CH3NH3I is inhibited by the low concentration of OH- and the ionic bonding 

energy of CH3NH3I, allowing the degradation process of CH3NH3PbI3 to be reversible. 

 

Conclusion 

      In conclusion, the degradation process of organic-inorganic hybrid perovskite 

in humid environment has been successfully elucidated through CH3NH3PbI3, and such 

degradation is found to be completely reversible. This pleasant surprise may offer new 

hope for the commercialization of perovskite solar cells. Given the fact that perovskite 

solar cells effective operational temperature could range from −40 °C to +85 °C 32, it 

is possible to recover the device performance if the unstable Spiro-MeOTAD hole 

transport layer is replaced by other stable structures such as NiOx or mesoporous 

carbon, which may result in a longer device lifetime. Based on the regeneration of 

the perovskite at 90 °C, similar results can be anticipated at slightly lower temperature 

of 85 °C or even 80 °C, which could certainly become part of the follow-up studies.  

Hopefully, these findings would give conceptual advance in understanding or 
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methodology that will be of immediate help to other researchers. 

 

Experimental 

N, N-Dimethylformamide (>99%), Methanol (anhydrous, 99.8%), NaOH 

(BioXtra, ≥98%) and hydrochloric acid (ACS reagent, 37%) were purchased from 

Sigma-Aldrich. CH3NH3I (>99.98%, anhydrous) and PbI2 (>99.98%) were purchased 

from Xi’an Polymer Light Technology Corp. 

The thin film sample was made by drop casting. CH3NH3I and PbI2 (1mmol) were 

dissolved in N, N-Dimethylformamide (1ml). The solution was drop-casted on 

Fluorine-doped-Tin-Oxide glass substrate (composition: SiO2/F; film thickness: 

500 nm; purchased from Huanan-Xiangcheng Tech Ltd). Following the previous report, 

the annealing temperature of 90 °C was adopted 17.  

 

In-situ measurement was conducted on a special chamber with vent tubes by 

Bruker D8 ADVANCE diffractometer. The thin film sample was mounted in a fully 

enclosed chamber. The methanol vapor was sent to the chamber via dry nitrogen; CaSO4 

(98% CaSO4, 2% CoCl2, anhydrous, purchased from McMaster chemical store) was 

also added in the chamber as desiccant, the lid was tightly closed to ensure the saturation 

vapor pressure of methanol, diagram of in-situ chamber can be found in support 

information Figure S1. In the in-situ XRD, measurement region of 36.3-41.5° was 

selected since the whole 2 theta range requires several hours for a single scan. The XRD 

measurement was repeated every 30 minutes for 7 days.  

https://www.sciencedirect.com/topics/materials-science/glass-composition
https://www.sciencedirect.com/topics/materials-science/film-thickness
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Powder XRD was conducted with a Bruker D8 DISCOVER diffractometer; 

measurements were taken in the 2θ range of 10 to 76°. CH3NH3I was purchased from 

Xi’an Polymer Light Technology Corp., and a single crystal of 0.2*0.2*0.2 cm in size 

was chosen for analysis on a Bruker APEX-II diffractometer; data was processed in 

APEX2 V2014.9.0, structure solution, and refinement in SHELXT and SHELXL 

(Sheldrick, 2015). FTIR spectroscopy was conducted on a Nicolet 6700 FT-IR 

Spectrometer. SEM was measured by FEI Magellan 400 XHRSEM, and the sample was 

transferred in air to the apparatus, when some pinholes were generated in the 

morphology, which could be eliminated by conducting the measurement in a glovebox. 

All diagrams were drawn in Origin9.0. 

 

Support information in the appendix 

Lists of the contents of material supplied 

Figure S4. 1. (a)Schematic illustration of the in-situ XRD measurement chamber; (b) 

the actual picture of the in-situ XRD chamber. 

Figure S4. 2. (a)Crystal structure of CH3NH3I; (b) calculated powder XRD pattern of 

CH3NH3I based on single crystal data. 

Figure S4. 3. (a)Fibrous (spectrum 1) and cubic area (spectrum 2) chosen for EDS 

analysis; (b) EDS peaks for spectrum 1; (c) EDS peaks for spectrum 2; (d) weight 

percent distribution of elements in spectrum 1&2, carbon in spectrum 1 comes from the 

surface carbon coating instead of CH3NH3I as no nitrogen was detected (the EDS is 

useful as a qualitative analysis, but certainly not for a quantitative one, as its accuracy 

is limited). 
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Table S1. Crystal data and structure refinement for CH3NH3I. 
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Broad impact may be anticipated to the research community when the materials 

properties are capable of being manipulated artificially. Such possibility has been 

explored here by FAPbI3 perovskite structure of the PSC solar cells, which involves 

undesirable phase transition at working temperature, despite many attempts to resolve 

the issue. Essential steps have been made here towards solving this problem by adopting 

opposite strategy to incorporate the water molecules into the perovskite structure, under 

the current materials framework by new structural physics maneuvering. The secondary 

bonding of the perovskite structure has been relocated, which altered the microstructure 

to remove the internal strain that caused the phase transition, resulting in not only a 10-

fold enhancement in the moisture/structure stability, but also a comparable bandgap of 

the favorite α-FAPbI3. All this opens unprecedented avenue in the perovskite research, 

which will hopefully be of intrinsic interest to the broad materials research community 

as well. 

 

Introduction 

Much progress has been achieved in the commercialization of perovskite solar cells 

since 2009 [1], especially the FAPbI3 (Formamidinium lead iodide) based device [2,3], 

which showed a more promising energy bandgap than its counterpart, such as 

MAPbI3 [4], or CsPbI3 [5]. The power conversion efficiency (PCE) of such device has 

been enhanced from 3.8% to 25.2% [2], inspiring a new era for sustainable energy 
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development. 

 

Despite the excellent PCE, the stability remained a major challenge [6]. Especially, the 

FAPbI3 was found to undergo α-δ phase transformation at room temperature, which 

would complete within several hours even under the protection of the nitrogen [7–9]. 

Even worse, such transition can even be accelerated by moisture, which could complete 

within several minutes. This was devastating for the PCE as it could increase the 

bandgap to above 2.5eV [10]. As a result, a great deal of effort has since been devoted 

to trying to eliminate the water intrusion and impede the phase transition, such as strain 

engineering [11,12], interface engineering [13,14], or doping in the A/B/X sites in the 

ABX3 structure of perovskite [15–20].  

 

Unfortunately, these quick attempts didn’t extend the perovskite lifetime to any 

appreciable level, due not least to the debatable phase transition mechanism  [21,22], 

in particular, the influence of water molecules on the perovskite structure, in addition 

to the possible structural variations vis-a-vis the kinetics and thermodynamics. 

Therefore, such effects were destined to be less than successful. It is absolutely 

necessary to fill the critical gap and propose fresh strategies accordingly. 

 

In fact, the attempts in the literature have largely been based more on blind trials, rather 

than on the phase transition physics. For example, most of the research about the phase 

transition has been focused on nitrogen atmosphere, ignoring the presence of moisture 
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in the actual operating environment. In addition, the current trials such as doping or 

interface engineering could only delay the problem, rather than eliminate it completely, 

when α phase is thermodynamically unstable at room temperature [3,7]. Nor could the 

encapsulation be the answer, especially when it was discovered that the presence of 

moisture could accelerate the phase transition  [10,15,23]. All these discoveries just 

aggravated the challenge, making the entire understanding more elusive. 

 

It is, therefore, the purpose of this report, to resolve the challenge by a totally opposite 

strategy, more specifically, by embracing the moisture instead of eliminating it. As has 

been confirmed in the previous results  [24,25], H-bond is the pivotal force to maintain 

the perovskite structure. Based on the FTIR measurements, it is discovered that FAPbI3 

is capable of forming 3 intermolecular H-bonds, one of which can be replaced by the 

water molecule to enhance the stability of the structure, as has been done in their 

counterparts of MAPbI3  [24].Thus, a stable structure of similar bandgap of α-FAPbI3 

is synthesized by adding one water molecule to the perovskite. From the single crystal 

measurements and thermodynamic/kinetics calculation, it has been revealed that the 

internal strain of α-FAPbI3, which was believed to be the root cause of the phase 

transition, has been removed by the enlarged unit cell of the novel structure. This 

unprecedent technique of structural maneuvering opens a fresh channel to control the 

materials properties via chemical structure negotiation, delivering not only critical steps 

towards solving the challenge, but also possible inspiration for the wide materials 

research community. 
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Experimental 

X-ray diffraction (XRD) patterns were obtained using a Rigaku D/Max 2,200 with Cu 

Kα as the X-ray source. The time-resolved XRD measurements was conducted by 

Bruker D8 ADVANCE diffractometer with CuKa1 radiation (λ= 1.79026 Å) in the 

range of 6-26° (2θ). The XRD measurement was repeated every 20 min for 7 days. 

SEM was measured by a FEI Magellan 400 XHRSEM. Nicolet 6700 FT-IR 

spectrometer was used to acquire the FTIR spectra in the wavenumber range of 400–

4000 cm−1, which has 0.09cm-1 resolution with continuous dynamic alignment and 

auto-tune function. UV-vis-NIR absorption spectroscopy were conducted by the Cary 

5000 UV–vis–NIR Spectrophotometer, from 850 nm to 400 nm. The current density–

voltage characteristics of photovoltaic devices were obtained using a Keithley 2400 

source-measure system. The photocurrent was measured under AM 1.5 G illumination 

at 100 mW/cm2 using a Newport Thermal Oriel 91192 1000 W solar simulator. The 

light intensity was calibrated using a KG-5 Si diode. The effective area of each cell was 

0.102 cm2 defined by masks for all the photovoltaic devices discussed in this work. 

Current density–voltage measurements were carried out at room temperature. 

 

Results & Discussion 

To obtain a more detailed understanding, the reaction between water molecules and 

FAPbI3 have been investigated, which leads to a concealed phase map that varies as a 

function of geometrical parameters and water vapour pressure. Three new phases have 
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been discovered at high water pressure environment which has been confirmed by the 

XRD results. As shown in Fig. (5. 1a), the ε phase was generated when the molar ratio 

of water and FAPbI3 reached 1:1. Some unidentified peaks were observed, which 

cannot be recognized by the database, proving the generation of a fresh structure. The 

unknown peaks of 2 theta at 9.68°, 13.2°, 16.9°, 22.7°, 37.2°, 49.4°, 51.3°, and 59.1° 

matched the calculated powder diffraction pattern by the single crystal XRD 

measurement of the ε needle, as shown in Fig. S5. 1. Next, such phase gradually 

transformed to θ and μ phases after the molar ratio of water and FAPbI3 reached 1:2 

and 1:3, respectively. Based on the XRD results, it can be shown that the formation of 

hydrates depends on the molar ratio of water and FAPbI3, which introduced the relative 

stability of ε/θ/μ phases. When one proportion of water was added into the thin film, 

the molar ratio of water and FAPbI3 in the surrounding area of the water droplet was 

much higher than 3:1, which should generate θ and μ phases in theory. In reality, 

however, only ε phase was detected in the XRD measurement, indicating θ and μ phases 

generated in the early stage have transformed back to the ε phase as time proceeds, 

proving the ε phase is the most thermodynamically stable.  

 

More definitive evidence has also been found in the time-resolved XRD measurement 

results. As shown in Fig. (3. 1b), the α phase will be converted to μ phase at high water 

vapour pressure environment within half an hour, which was transformed into θ phase 

and eventually ε phase in 2 hours under the dryer environment. The ε phase, on the 

other hand, exhibited unexpected stability in such an environment, which remained 
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stable for more than 7 days. The transition path from α/δ to the hydrates is therefore 

unraveled: at first, water vaporized into water vapour molecules which assisted α/δ to 

be completely transformed into the ε phase; next, ε will be converted into θ and μ phase 

at higher water vapour pressure environment; in the following stage, some of the θ and 

μ phases will be transformed back to the ε phase as they are less stable. Eventually, an 

equilibrium will be attained. A single crystal of ε phase can thus be successfully 

synthesized, which exhibited a needle-like shape, as shown in Fig (3. 1d).  

 

Furthermore, thermodynamic and kinetic calculations were preformed based on the 

XRD results. The Gibbs free energy difference between the δ phase and the hydrate 

phases can be obtained by the transformation fraction of the transition process, as 

shown in supporting information, which is determined by the relative peak heights of 

each phase in Fig. (3. 1a). Following the thermodynamics, the transition fraction should 

be equal to exp(-ΔG/RT)  [3]. Hence, at 298K, the ΔG of (δ-ε) was calculated to be -

0.12eV, the ΔG of (δ-θ) -0.015eV, and the ΔG of (δ-μ) -0.007eV, proving that the ε 

phase is indeed the most thermodynamically stable. Although kinetically, ΔG is the 

driving force for the phase transition, the rate-control parameter is determined by the 

activation energy Ea of each transition, which also decides the lifetime/stability of each 

phase. As shown in Fig. (3. 2a&b), the phase map provided not only the thermodynamic 

state of each phase, but also the activation energy Ea for each transition, which is 

obtainable by combining and analyzing the existing data and that of the 

literature  [26,27]. As evidenced by Fig. (3. 1c), the hydration reaction involves water 



43 

 

 

vaporization, absorption of water vapour, and structural change. It was obvious that 

during the hydration process, absorption of water vapour contributed most of the 

entropy change due to its reduction of the degree of randomness. Water vaporization is 

thus the actual rate control process, which decides the value of activation energy for the 

hydration reaction to be similar to the latent heat of 0.45eV for water vaporization  [28]. 

It has thus been quantitatively proved that all three hydrates are genuine phases instead 

of intermediate states, because they are more stable than α and δ phases. Our discovery 

of these new phases introduced profound engineering implications, not least of which 

is the surface engineering or bandgap engineering that can be verified by the following 

measurements. 

 

In order to investigate the origin of the hydrate phase stability, FTIR measurements 

have been conducted to reveal the bonding details. As can be confirmed by Fig. (3. 3a), 

the stability of the hydrates was attributed to the hydrogen bond of the water molecule 

as evidenced at 2400-3000cm−1 and 3000-3600cm−1, which were generated by the N-

H groups and H-O-H groups, respectively [29,30]. The peak amplitude of the H-O-H 

groups at 3000-3600 cm−1 increased as the hydrate forms at the expense of the peak 

amplitude of the N-H groups at 2400-3000cm−1, indicating the H-bonding in the N-H 

groups was diminishing while the H-bonding in the H-O-H groups was increasing. 

More quantitative information can be extracted from Fig. (3. 3b), where the FTIR signal 

of the α phase was used as the baseline to be subtracted by other phases. The most 

obvious peak can be found at 3370cm−1, where the ε phase gives an absorption of 
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around 6%, θ ̴ 12%, and μ ̴15%. The ratio of FTIR absorption of these 3 phases matches 

closely to 1:2:3, revealing the number of the hydrogen bonds within each monohydrate, 

dihydrate and trihydrate to be 1, 2, and 3, respectively. 

 

The relocation of the hydrogen bonds altered the crystal structure of the hydrates, as 

has been systematically investigated by single crystal XRD. Although ε phase showed 

a hexagonal structure and a space group of P63mc, similar to that of the δ phase, it 

demonstrated a larger unit cell, as can be confirmed in Fig. (3. 3e). The enlarged unit 

cell releases the strain energy generated by the large FA+ ion, which is beneficial to a 

favourable bandgap, as can be evidenced by the previous bandgap engineering 

research  [16,31,32] and the bandgap measurements in Fig. (3. 3c&d). The ε showed a 

bandgap value of around 1.6eV, much smaller than the 2.5eV of the δ phase, indicating 

a theoretical maximum efficiency of 25%  [33]. This bandgap value is promising to the 

novel FAPbI3 PSC design, which could not only act as a passivator to lower the 

thermodynamic energy of the system, but also as a new dopant to advance the 

photovoltaics, as has been done previously in their counterparts of MAPbI3 [34]. 

 

The PCE measurements were thus conducted in the following step to explore the 

influence of the ε phase on the device performance. As shown in Fig. (3. 4a&b), the 

stability of the device has been increased by at least 10 times due to the ε phase. Under 

the 40RH% environment, the α dominated device lasted for 2 days, while the lifespan 

increased to more than 25 days after the conversion of the ε phase under the same 



45 

 

 

environment. Although the PCE dropped to 0.25% after the formation of the ε phase, it 

is attributed to the morphology change of the perovskite thin film, instead of the 

introduction of the ε phase. As demonstrated in Fig. (3. 4c&d), a large number of defects 

were generated after the conversion of the ε phase, which increased the resistance 

against the transfer of charge carriers, which may be avoided in the future extensive 

study by surface engineering or passivation method. Thus, the ε phase can be adopted 

as a powerful passivator or dopant  [35–37], and the related surface/interface 

engineering details deserve expansion of the subject. Furthermore, the stability of the ε 

phase was maintained even in the vacuum when SEM was conducted, where the Gibbs 

free energy of such phase has been raised to a higher value by the environment, 

demonstrating that such phase is protected by kinetics as well. These findings indicate 

that the thermodynamic states could be manipulated by altering temperature and the 

water vapor pressure, which in return changes Ea of the phase transition. This means 

the α phase could directly be transformed into the ε phase at higher temperature and 

water vapor pressure, avoiding completely the formation of the undesirable δ phase, 

whose photovoltaic performance is less favorable. Moreover, the transition equilibrium 

among each phase could now be controlled, providing a new venue to fight against the 

instability issue and poor performance of the δ phase. 

 

Summary 

To summarize, a fresh structural maneuvering engineering method was proposed under 

the current materials framework by structural physics negotiation. The materials 
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properties have been successfully modified via relocating the secondary bonding of the 

perovskite, which altered the atomic structure. A unique strain engineering method has 

thus been developed based on the discovery, which tried to enlarge the unit cell of the 

FAPbI3 perovskite to remove the internal strain to enhance the thermal/moisture 

stability, instead of controlling the annealing conditions that have been widely adopted 

previously. A novel structure of enhanced lifespan and comparable bandgap of the 

favorite α- FAPbI3 has thus been synthesized, which provided not only thermodynamic 

but also kinetical warrant, extending the perovskite lifetime by more than 10-fold. 

Hopefully, these discoveries will be of help to the advance of the PSC design and 

materials research in general.  
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Figure 3. 1. (a) The XRD results of the ε/θ/μ phases. All the peaks of the ε phase are 

distinct and clear, unlike θ and μ phases. The θ and μ phases were synthesized by raising 

the molar ratio of water and FAPbI3 to 2:1 and 3:1, respectively. Both phases would 

gradually lose water due to their thermodynamic states, leading to less distinct patterns. 

(b) the time-resolved XRD measurement results. (c) the schematic illustration of the 

conversion process of ε/θ/μ. (d) the real picture of the single crystal needle of ε. 
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Figure 3. 2. (a) The 3D map that reveals the relationship of the thermodynamic and 

kinetic states of FAPbI3 phases. (b) the corresponding 2D map.  
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Figure 3. 3. (a) FTIR results of α and the hydrates. (b) FTIR signal of hydrates after 

baseline was extracted. (c&d) the bandgap measurement of α and the hydrates 

(determined by the Tauc plot). (e) the schematic illustration of the structural change 

caused by the phase transition.  
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Figure 3. 4.  (a) the PCE measurements on α and ε based devices. (b) the stability 

measurements of the device in 40RH% environment. (c) the SEM morphology of α thin 

film, which showed little imperfection area and grain size of more than 500nm, ensuring 

the high PCE performance. (d) the SEM morphology of δ thin film, many defects were 

generated due to the enlarged unit cell size. 
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Chapter 4 EAPbI3 formation in MAPbI3 precursor solutions by DMF 

decomposition and organic cation exchange reaction 
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Mysterious peaks have constantly been observed in the X-ray diffraction measurement 

for the CH3NH3PbI3 film. Such mysteries have now been uncovered in this paper, where 

the powder X-ray diffraction, in-situ X-ray diffraction, and scanning electron 

microscopy measurements have been conducted, and these peaks were attributed to the 

ethylammonium lead iodide (CH3CH2NH3PbI3/EAPbI3). It was found that the 

formation of EAPbI3 was triggered by the breakdown of N, N-Dimethylformamide 

(DMF), which was adopted as the solvent in the preparation of the precursor solutions. 

EAPbI3 was generated by the organic cation exchange reaction in the subsequent 

annealing process. A simple solution for this problem has been proposed in this paper 

as well, which would hopefully help the community to eradicate this impurity.  

 

Introduction 

The power conversion efficiency of CH3NH3PbI3(MAPbI3) and HC(NH2)2PbI3 

(FAPbI3) perovskite solar cells has soared from 3.8 to 25.2% in the past decade [1,2], 

which now rivals that of other technologies such as silicon or cadmium telluride (CdTe) 

solar cells [3,4]. While such record performance seems to be inspiring for renewable 

energy development; the device lifetime, especially under moisture environment, 

remains at a low level, which prevents the commercialization. The devices usually 

degrade within a day unless an extra encapsulation layer is adopted [5,6] and even with 

the encapsulation layer the longest lifetime reported is still less than 4000 hours, which 

is far from enough for the commercialization [7–9]. 
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Although various strategies have been proposed, such as doping at A, B, and X 

sites of the ABX3 perovskite structure [10–12], grain boundary passivation [6,13,14], 

or replacing hydrophilic hole transport layer [15], none resolves the stability issue 

successfully. Therefore, uncovering the scientific mechanism of the decomposition is 

imperative to address this issue. Despite many mechanisms have been reported before 

[16–21]; they were often inconsistent and self-contradictory. Hopefully, some of the 

conflicts can be neutralized by our recently published work, where we revealed the 

importance of hydrogen bonding for the perovskite structural stability and discovered 

the true cause of the irreversible degradation [9]. However, there remains some 

mysterious substance detected during the synthesis of the CH3NH3PbI3 thin film, which 

has yet to be identified by the perovskite solar cell community, despite similar 

phenomenon was also reported before elsewhere [22,23]. As the impurity could 

influence the device performance, and thus it calls for a systematic investigation. 

  

It is, therefore, the purpose of the current article, to systematically investigate the 

mysterious substance, discovered in the perovskite thin film during the synthesis 

process, using powder X-ray diffraction (PXRD), in-situ X-ray diffraction, and 

scanning electron microscopy (SEM). We prepared various PbI2 and CH3NH3I 

precursor solutions to investigate the influence of heating temperature and time on the 

CH3NH3PbI3 thin film formation. It was discovered that N, N-Dimethylformamide 

(DMF) could decompose at a higher temperature, which enabled the organic cation 
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exchange reaction and lead to the formation of CH3CH2NH3I (EAI). Subsequently, EAI 

could react with PbI2 and form EAPbI3, which, as confirmed by the PXRD results, was 

identified to be the mysterious impurity presented in the CH3NH3PbI3 perovskite film. 

The discovery is expected to help the community, to eliminate the EAPbI3 impurities 

and to enhance the CH3NH3PbI3 perovskite film morphology, thereby leading to a better 

device performance. 

 

Experimental 

Methanol (anhydrous, 99.8%) and N, N-Dimethylformamide (>99%) were 

purchased from Sigma-Aldrich. PbI2 (>99.98%) and CH3NH3I (>99.98%, anhydrous) 

were purchased from Xi’an Polymer Light Technology Corp. PbI2 and CH3NH3I 

precursor solutions were prepared by dissolving 1mmol CH3NH3I and PbI2 in 1ml N, 

N-Dimethylformamide. Various dissolving temperature and stirring time were adopted, 

including 90°C/45min and 120°C/120min. CH3NH3PbI3 was synthesized by spin-

coating of CH3NH3I and PbI2 solutions at 6000rpm on Fluorine-doped-Tin-Oxide glass 

substrate (composition: SiO2/F; film thickness: 500 nm; bought from Huanan-

Xiangcheng Tech Ltd), and next annealed at 90°C for 30min. 

 

In-situ measurement was conducted on an enclosed chamber with vent tubes by 

Bruker D8 ADVANCE diffractometer. The thin film sample was mounted in a fully 

enclosed chamber. CaSO4 (98% CaSO4, 2% CoCl2, anhydrous, purchased from 

McMaster chemical store) was also added in the chamber as desiccant, the lid was 

https://www.sciencedirect.com/topics/materials-science/glass-composition
https://www.sciencedirect.com/topics/materials-science/glass-composition
https://www.sciencedirect.com/topics/materials-science/film-thickness
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tightly closed to ensure the saturation vapor pressure of methanol. In the in-situ XRD, 

measurement region of 24-26.5° was selected since the whole 2 theta range requires 

several hours for a single scan. The XRD measurement was repeated every 30 minutes 

for 3 days. Powder XRD was conducted with a Bruker D8 DISCOVER diffractometer; 

measurements were taken in the 2θ range of 10 to 76°. Diagram of the XRD chamber 

was shown in Figure 4. 1. SEM was done by FEI Magellan 400 XHRSEM. All 

diagrams were drawn in Origin9.0. 

 

Figure 4. 1. (a)Schematic illustration of the XRD chamber; (b) photo of the chamber. 

 

Results & Discussion   

To identify the influence of the dissolving temperature and stirring time on the 

CH3NH3PbI3 perovskite formation, both powder and in-situ XRD measurements were 

adopted in methanol and water environment. As circled in Figure (4. 2a), 

CH3CH2NH3PbI3 (EAPbI3) was detected when the precursor solutions were heated at 

120°C for 2h; while such structure disappeared when the heating temperature and time 

were reduced to 90°C and 45min. The peaks for EAPbI3 were also observed in the in-

situ measurement, where a more controlled observation was conducted. As shown in 
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Figure (4. 2b), the peaks at 24.8° and 25.8° were attributed to EAPbI3. This proved that 

EAPbI3 was generated gradually as time passing by, and we speculated that the solvent 

(DMF) could be the cause of the EAPbI3 formation as only DMF contains the structure 

of ethylammonium. 

 

Figure 4. 2. (a)The results of XRD measurements for CH3NH3PbI3 synthesized from 

various precursor solutions, including 90°C/45min and 120°C/120min;(b) In-situ XRD 

results of CH3NH3PbI3 thin film under methanol environment. 

 

        In the subsequent analysis, we found the supporting evidence from the 

literature, where the DMF was proved to be unstable at a temperature higher than 100°C 

[24,25]. Therefore, DMF could be decomposed at higher heating temperature, starting 

from the breakdown of the bond between the nitrogen atom and the carboxyl group, 

generating ethylammonium ion intermediate, who reacted with CH3NH3I by organic 

cation exchange reaction. Eventually, EAI was generated. In the following annealing 
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process, EAI reacted with PbI2 to form EAPbI3. Only weak peaks were observed for 

the first few hours in the XRD diagram, indicating a slow decomposition rate of DMF 

under heating. A schematic illustration of this process is shown in Figure 4. 3. 

 

Figure 4. 3. Schematic illustration of EAPbI3 formation process. 

 

        It is thus clear now, that the mysterious substance detected in the CH3NH3PbI3 

film is indeed EAPbI3, which not only reduces the film purity, but also affects the film 

morphology, as can be confirmed in Figure (4. 4a) & (4. 4b).  When there was no 

EAPbI3 present in the film, large CH3NH3PbI3 grains could be observed with a size of 

several microns, as shown in Figure (4. 4a); while such morphology changed greatly 

when EAPbI3 was generated. In Figure (4. 4b), the large grain was damaged, and voids 

were also generated, which proved that EAPbI3 is detrimental for the CH3NH3PbI3 film 

growth and device performance. 
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Figure 4. 4. (a) Morphology of CH3NH3PbI3 film with no EAPbI3; (b)Morphology of 

CH3NH3PbI3 film with some EAPbI3 impurities. 

 

      In summary, the formation of EAPbI3 in the CH3NH3PbI3 film is triggered by 

the degradation of DMF solvent, which is unstable at a higher temperature and 

decomposes into EA+ intermediate. This is followed by an organic cation exchange 

reaction, where EA+ switches position with MA+, resulting in the formation of EAI, 

which subsequently reacts with PbI2 in the following annealing process. Fortunately, 

the degradation rate of DMF is slow and the formation of EAPbI3 can be avoided by 

reducing the heating time and temperature, during the preparation of the precursor 

solution. 

 

Conclusion 

      In conclusion, the mysterious peaks detected by many others in the CH3NH3PbI3 

film have been successfully identified, and attributed to EAPbI3, a perovskite that has 

a similar structure to CH3NH3PbI3, which has been why it was so difficult to identify. 

The formation of EAPbI3 in the CH3NH3PbI3 film was found to be detrimental to the 
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grain growth, which could lower the power conversion efficiency. The EAPbI3 could 

easily be eradicated by reducing the heating time and temperature when preparing the 

precursor solution. Hopefully, our discovery could be of immediate help to the 

community in the near future. 
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The degradation of perovskite solar cell structure was expected recently to be reversible, 

which opened a new gate to the enhancement of the device lifetime by the reversing 

process. However, the kinetic details of the structural collapse and recovery are still 

missing, without which the perovskite reversibility cannot be further explored. Due to 

the experimental difficulty, a purposeful numerical model was conducted in this report, 

to simulate the water diffusion process in the perovskite structure in both directions. It 

was found that the moisture diffusion needs to be initiated by a certain level of structural 

imperfection and is non-Fickian, as assisted by the collapse of the perovskite into the 

1D chains. The reversibility was verified by the back diffusion, but accompanied by 

hysteresis, stagnancy, and even surprising instability, which initiated the water flow 

under initial equilibrium, due possibly to the imbalance during the reconstruction of the 

perovskite lattice. These observations offer new insight to form strategies of 

improvement, for example, via the possible self-healing perovskite devices. 

 

Introduction 

Perovskite solar cells have been hailed as a promising candidate to displace the existing 

energy harvesting technologies such as GaAs solar cells or Organic solar cells 1–3. But 

the commercialization was held up by the fast degradation, especially under ubiquitous 

presence of moisture. The unencapsulated devices usually degraded within several 

hours 4–6. Although such number can be enhanced to around 4000 hrs by encapsulation 

7–9, it is still not enough to meet the requirement of practical applications 10,11. 
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Despite the extensive effort, the exact cause of moisture degradation of the perovskites 

remains debatable 12,13. For example, CH3NH3PbI3 was first found to be reactive in 

water, forming CH3NH2, HI, and PbI2 after hydrolysis 12, but questioned by the 

discovery of the new phases detected during the degradation, which was attributed to 

the CH3NH3PbI3 monohydrate and dihydrate 14. The direct cause of the perovskite 

structural collapse was also predicted to the hydrogen bond breakdown 15,16. The 

opposition party, on the other hand, believed that the whole CH3NH3PbI3 degradation 

process was reversible in humid environment, except for the presence of ions such as 

N+ or H–, to distort the CH3NH3PbI3 structure electrostatically 17, although, N+ or H– 

ions could hardly exist in water as they would react vigorously 18,19. Eventually, a more 

complete description was offered recently, on what the real cause of the degradation 

might be 20. It was discovered that CH3NH3I is stable in water and allows for the 

decomposition of CH3NH3PbI3 to be reversible when annealed at higher temperature or 

drier condition. The finding not only confirms the importance of the hydration bonds 

to the perovskite structural stability, but also unravels that, the real cause of the 

irreversible degradation was OH- in water, without which the perovskite structure could 

be reconstructed by thermal activation 20. However, detailed kinetics is still missing 21,22, 

viz., questions remain, on the time evolution of the grain breakdown, as well as that of 

the possible recovery by the reverse transport of water molecules. 

 

It is therefore the purpose of the current report, to elucidate the kinetic details of the 

perovskite grain degradation and reconstruction under the influence of water molecule 
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diffusion by modelling. As it is next to impossible to monitor the local variation of the 

hydrogen bonding status, it is necessary to construct a purposeful numerical model, to 

simulate the diffusion of water molecules and the resulting collapse of the hydrogen 

bonding of the perovskite lattice, which helps to understand the perovskite grain growth 

process involving lattice imperfection. The numerical simulation reveals that, the 

moisture diffusion need to be initiated by the structural imperfection above certain 

threshold, below which degradation happens slowly. But the diffusion is much 

accelerated as the perovskite structure opens up by the hydrogen debonding, leaving 

behind isolated pockets. On the other hand, the structure recovery has to follow the 

reverse diffusion, which presents a completely different profile, and accompanied by 

hysteresis and instability. It not only involves trapped areas by the collapsed structure, 

but also exhibits stagnancy due to imbalanced diffusion path. The latter could well be 

the cause of the astonishing observation of spontaneous flow of water molecules under 

initial equilibrium. The simulation results fill in the missing detail of the reversible 

degradation kinetics, which is not only of significance to the understanding of the 

recovery process, but also critical to the construction of stable perovskite solar cells. 

 

Experimental 

A two-dimensional lattice of 100x100 sites was employed throughout the simulation. 

The lattice size of the perovskite simulation work has been conveniently chosen, 

because various sample size has been investigated by the previous experimental works, 

where the results were found to be similar 23–27. Each site represents the smallest 
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repeating part that constitutes grains or molecular sized part of perovskite single crystal. 

When one site collapses, it opens up diffusion path for water molecules, as opposed to 

the usual diffusion through vacancy or interstitials. The grain boundary has a similar 

function, which may be similarly described by this mechanism. To accommodate the 

unconventional diffusion, as the host lattice has been changing due to the structural 

degradation, which has been experimentally observed 28,29, and therefore it was built 

into the simulation axioms that, the connections are now assigned as variables (W) and 

will be updated, instead of an identical diffusivity bridging all the sites in the usual 

Fickian equation, each lattice point, which is associated with a value of water level, 

P(x,y), has been connected by the probable paths to its left, right, upper and down, 

represented by W(x,y,d=1~4), whose values will be updated during the actual moisture 

diffusion process. The P value of a given point is calculated with the master formula 

which incorporates the P and W values of its 4 neighbors (equation 1) 30. The formula 

should show the relationships between all these values and how they contribute to the 

newly updated P for that point. The number of water molecule is increasing as time 

passing by as water molecules from the outside is constantly diffusing into the system. 

For example, 65% of the W(x,y,d) may randomly be assigned initially by a value of 

0.45, allowing the moisture diffusion to occur, due presumably to the existence of 

imperfection of the perovskite structure under variable temperature. The percentage can 

also be varied, to make comparison between the current study and the usual percolation 

threshold in two dimensions. The water level at site i (coordinate number (x,y)) is 

represented by Pi, which can be governed by the first-order rate equation: 
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dPi

dt
= ∑ (PjWjij -PiWij) (equation 1) 

The W(x,y,d) will then be updated as the diffusion proceeds; when any P(x,y) reaches 

0.3 from zero of the beginning, its W(left) or W(right), with a 50/50 chance, is changed 

to 1.0, or 100% probable, simulating the partial breakdown of the perovskite; and when 

this P(x,y) increases to 0.6, its W(right) or W(left) also becomes 1.0, leaving only 

W(upper) and W(down) to be intact, forming a vertically oriented 1D chain of PbI2, 

simulating a collapsed perovskite, although in reality the diffusion may be more 

favourable along the chain direction. To show the possible directional effect, a boxed 

area was chosen near the centre of the lattice, in which the above update of the 

W(left)/W(right), is switched to W(upper) /W(down), such that the 1D PbI2 chains are 

horizontally oriented within the boxed area. 

 

To investigate the reversibility of the perovskite degradation, back diffusion of the 

water molecules is simulated by re-setting the boundary conditions. While the forward 

diffusion was driven by the zero initial P(x,y), fixed boundary of P(0,y) = P0 (e.g., 1.0), 

the reverse diffusion occurs when P(x,y)= P0, and P(0,y) = 0, all under free boundary 

of P(99,y) = P(100,y), and periodic boundary of P(x,100) = P(x,0). In the meantime, 

the possible existence of the intermediate states, viz., when P stays in between the two 

extreme cases (e.g., 0.3~0.6) will be revealed by the coloured snapshots taken during 

the iterations from time to time. 

 

Based on the scheme, a block diagram of the programming can be presented as scheme 
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1. 

 

Results & Discussion 

Following the recent discovery of the reversible water degradation by Wang et al 20, the 

MAPbI3 variation under moisture attack has been numerically simulated by a 2D lattice, 

when a number of surprising observations were made, all originated from the fact that, 

the diffusion paths have been kept changing by the water level of the site, represented 

by the W(x,y,d) matrix variations as described in the programming above.  

 

The results were best demonstrated by the time evolution of the water diffusion front, 

as has been depicted by the snapshots of the whole lattice (Figure. 5. 1), where three 

scenarios were compared; (Figure. 5. 1a), the W values were updated every time when 

the P changes, which were also randomly assigned by nonzero values initially, where 

the diffusion front was pushed towards the right hand side, but becoming more and 

more irregular. In the meantime, there are pockets of unfilled blue left behind, and the 

overall diffusion is not affected by the orientation of the 1D PbI2 chains, as indicated 

by the orange box in the middle; (Figure. 5. 1b) the usual Fickian diffusion, where all 

W values were fixed by unity throughout the entire process, and a uniform diffusion 

front can be obtained, although the central box is still highlighted by pink; (Figure. 5. 

1c) a similar process to a), but without the W update, when the diffusion becomes much 

slower, where some unusual behaviour can be found in the last frame, which will be 

further explored below. To quantitatively describe the diffusion, the x coordinates were 
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averaged by P(x,y), via < x2>, which is then plotted against the time steps (Figure. 5. 

1d). The non Fickian diffusion of (1a) was displayed by the red curve, which is in sharp 

contrast to the normal Fickian diffusion of (1b) in black, where the path connecting the 

neighbouring sites are fixed by W= 1.0, as well as to the absence of W renewal of (1c) 

by blue line. The difference in nominal diffusivity can be obtained by the slope of the 

curves in the beginning, although it is due entirely to the choice of the diffusion path W, 

rather than the variation of the actual diffusion coefficients. 

 

Since the W-update opens the moisture diffusion path when P reaches certain level, the 

initial random assignment of the non-zero W’s was seemingly unnecessary. To our 

surprise, the diffusion could not even be executed without the random assignment, 

which is obviously related to the temperature influence (Figure. 5. 2), especially when 

the percentage is below 25% (Figure. 5. 2a), or 50% (Figure. 5. 2b). While the latter 

gives some advances, the former does not show any evidence of the water transport. As 

predicted by the general percolation theory, when the occupation probability below 

approximately 50% in 2D, or 30% in 3D 31,32, there is no way for water diffusion. 

However, the diffusion becomes possible once the initial non-zero W exceeds 50% 

(Figure. 5. 2c, 5. 2d), which reminds us of the well documented percolation threshold 

in 2D 33–35. Such discoveries could also be echoed by the experimental observations, 

where perovskite stability was enhanced in the presence of moisture when the ion 

diffusion channel was suppressed 36, despite the fragile nature of MAPbI3 in the 

presence of water 37. Combining the results of (Figure. 5. 1c), it is apparent that, the 



44 

 

 

W-update, or collapse of the perovskite, only accelerates the diffusion, whereas the 

initial random assignment makes the continuous diffusion possible. This implies, the 

moisture degradation of the perovskite would not be originated, had there been no 

structural imperfection, which could also be proved by the stability of MAPbI3 single 

crystals, which remained intact in the humid air for months 24. From thermodynamics, 

diffusion takes energy, and the ratio of molecules meets the criteria is given by exp(-

Ea/RT), where Ea represents the activation energy for water diffusion. Structural 

imperfection in general gives more free space for the water molecules to move, which 

reduces the activation energy, as opposed to a perfect crystal. However, once the 

diffusion path is established beyond the percolation threshold, it would cause phase 

transition to hexagonal structure, which enlarges the unit cell of perovskite 14, resulting 

in the formation of the 1D PbI2 chains. This mismatch of the unit cell generates strains 

in the film and creates many structural imperfections, which created extra water paths. 

The degradation is thus accelerated, as can be confirmed by our modelling results and 

previous experimental observations 25,38. 

 

As suggested by the recently discovery, the moisture degradation of the perovskite may 

be reversible 20, therefore the possibility of water back diffusion has to be simulated, 

when the left boundary of the lattice was set to zero, after the complete saturation of all 

the Ps (=1.0). The same W with initialization and P updates were implemented 

throughout the time iteration (Figure. 5. 3a). This is in sharp contrast to the second set 

of panels displaying the standard Fickian backward diffusion when all W are fixed at 1 
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(Figure. 5. 3b), and the final set showing the process nearly identical to the first, but 

without the W update (Figure. 5. 3c). To analyze quantitatively, the usual graphic of 

the <x2> is plotted against the iteration count (Figure. 5. 3d). However, in order to 

make the comparison with that of the forward diffusion, the <x2> should be averaged 

by (1-P), instead of P itself. This is due simply to the fact that, both P and (1-P) satisfy 

the same 2nd order differential equation of the diffusion. Therefore, when the P becomes 

the solution for the boundaries of the forward diffusion, (1-P) will be for the reverse 

boundaries, which can be verified by the perfect match between the red and black lines, 

representing the forward and backward processes of the Fickian diffusion, viz., when 

W is fixed by unity. The flip side of this procedure is that, the <x2> is seemingly going 

forward to become larger, rather than going backwards, as it should be. Surprisingly, 

the resulting blue line is almost stagnant for the back-diffusion when W is updated, 

although the water levels kept reducing, until most of the sites drop down to be less 

than 0.3 (Figure. 5. 3a). In the meantime, within some area the diffusion seems to be 

localized, or even become trapped in the area far away from the draining boundary 

(Figure. 5. 3c), which is in total agreement with the experimental observations in the 

literature 14, where the dehydration process is many times slower than the hydration.  

 

Inspired by this stagnancy, more surprising results were obtained, when the diffusion 

starts spontaneously even from complete equilibrium, viz., where all the P values were 

initialized to 1, including the boundaries. All the W values were then assigned by either 

0 or 1, to mimic the potential instabilities under the presence of 1D PbI2 chains. 
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Astonishingly the water molecules start to move, when the iteration begins with W 

being updated (Figure. 5. 4). The water molecules gradually diffuse out even under 

equilibrium, without any driving force originated from the concentration gradient or 

difference, except for the possible imbalance of the diffusion paths in random fashion 

(Figure. 5. 4a). And the water molecules seem to stay, on the other hand, should such 

imbalance be regulated towards a certain orientation (Figure. 5. 4b).  While all this 

needs to be explored further, the overall process does not seem to be affected by the 

choice of the overall diffusion rate. This instability may also lead to the existence of 

intermediate states, the partial breakdown of the structure, when the moisture diffusion 

is halfway in between the beginning and saturation (0.3~0.6) and designated by green 

colour during the iterations. From nearly all the snapshots, especially of Figure. 5. 3, 

the green dotted areas were indeed observed in both forward (Figure. 5. 4c left) and 

back diffusion (Figure. 5. 4c right) process, indicating the possible intermediate states, 

which could not be shown otherwise. 

 

Conclusion 

To summarize, the well circulated perovskite solar cell structure has been numerically 

simulated to investigate its moisture degradation, an obstacle to the commercialization. 

Introducing the non-Fickian diffusion process, where the diffusion paths are updated 

constantly by the water level at each lattice site, we are able to show that, although the 

diffusion is much accelerated by the path updating, due possibly to the collapse of the 

3D perovskite into the 1D PbI2 chains, whose orientation is almost irrelevant, it 
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becomes impossible without the initial imperfection, represented by the random 

assignment of possible percolating route, below the threshold of which there would be 

no transport of water molecules. These discoveries proved the importance to reduce 

imperfection areas in the perovskite thin film, which helps to fight against the instability 

issue, as has been tested in the initial experiments 26,27,39. More importantly, it 

uncovered the importance to consider the initial imperfections before conducting any 

simulation work, without which the result may become less reliable. Moreover, the 

moisture degradation is indeed reversible, when the lattice is exposed to the reversed 

boundary, but following a very different pattern from that of the forward diffusion. The 

result of stagnancy found in the back diffusion, has led to the discovery of possible 

spontaneous flow under equilibrium conditions, due to the distributed imbalance of the 

diffusion paths, which may become the source of the instability. Finally, these 

observations plus the evidence of intermediate states, may be extended to other 

diffusion processes, when the media is constantly influenced by the species transported. 

FIGURES:  
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Figure 5. 1. Three types of forward diffusion are shown, where the forward diffusion 

means initializing all P values to be 0 with the exception of the left boundary, which is 

assigned a fixed number such as unity.  In the first set of snapshots (a), the W values 

were constantly updated based on the changes to the P values, which also had some 

randomly assigned nonzero values initially. The second set of snapshots is for the 

comparison to the usual Fickian diffusion (b), where P values were initialized just as in 

the previous case, but all W values were fixed at 1 throughout the entire process. The 

final set of snapshots represents a similar process to the first, but the W does not get 

updated (c), where some unexpected results were found when the iteration number grew 

higher. Lastly the graph shows the variation of the average value of x2 with the number 

of iterations (d), where the red line corresponds to the first set of snapshots, the black 

to the second, and the blue to the final set. The time steps are; 1, 50, 100, 250, 500, and 

1000, for each consecutive panels, and the colour code for P values: 0~0.3, blue; 0.3~0.6, 

green; 0.6~1.0, red(pink); ≥1.0, yellow(orange) (within the central box). The fine 
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structure in each subplot shows the intermediated states during degradation process. 

. 

 

 

 

Figure 5. 2. The snapshots of the forward diffusion processes in which W is updated, 

but the initial percentage assignment of W values is varied. The probability of a given 

W being non-zero is varied from (a) 25%, (b) 49%, (c) 51%, and (d) 65%, respectively, 

in the figures. The results clearly show the percolation threshold in two-dimensional 

lattice persists, when it has to be greater than 50%, in order to sustain the diffusion 

process. The time steps are; 1, 50, 100, 250, 500, and 1000, for each consecutive panels, 

and the colour code for P values: 0~0.3, blue; 0.3~0.6, green; 0.6~1.0, red(pink); ≥1.0, 

yellow(orange) (within the central box). 
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Figure 5. 3. The snapshots for the backwards diffusion processes, which are driven by 

P being initialized to 1 for all the points except the boundary, which is fixed at 0. The 

standard W and P update processes are run throughout the iteration. The first set shows 

the backward diffusion with W updates and randomly initialized W values (a). The 

second set of figures shows the standard Fickian backward diffusion when all W are 

fixed at 1 (b). The final set shows a process nearly identical to the first, but the W 

updates are non-random and fixed to certain orientations (c). The graph plots the x2 

with the iteration count, averaged by (1-P) instead of P itself, the time-resolved zoomed-

in image is available in Figure S1. (d), in order to compare with that from the forward 

diffusion, which can be verified by the perfect match between the red and black lines, 

representing the forward and backward diffusion process for the Fickian process, viz., 
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when W is fixed at 1. The blue line represents the back-diffusion scenario where W is 

updated randomly. The time steps are; 1, 50, 100, 250, 500, and 1000, for each 

consecutive panels, and the colour code for P values: 0~0.3, blue; 0.3~0.6, green; 

0.6~1.0, red(pink); ≥1.0, yellow(orange) (within the central box). 

 

 

  

Figure 5. 4. The snapshots of trials, where all P values were initialized to 1, including 

the boundaries. All W values were then assigned either 0 or 1, to simulate the possible 

instabilities under the presence of 1D PbI2 chains. W values were decided based on the 

orientations of the chains. For horizontally oriented chains (inside the center box), the 

northern and southern W values were set to 1 while the eastern and western values were 

set to 0. The vertically oriented chains simply switch the places of the 0s and 1s from 

the horizontal case. The update rule for (4a) would replace one of the W values equal 

to 1 with 0 should the P value fall between 0.3 and 0.6. All the horizontal chains would 

only have their northern or southern value changed from 1 to 0; the choice was uniform 
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across all points of the same chain type. In (4b), the program would randomly choose 

the northern or southern value to be changed by equal probability for both. The driving 

force for water to diffuse out is basic thermodynamic rules, which are to maximise the 

entropy of the whole system. While inside the central box, the chains are horizontally 

oriented, everywhere outside the box, the chains are vertically arranged. When the 

iterations were run with W being updated, surprising results are obtained, viz., water 

molecules start to diffuse out even under equilibrium (a), or stay inside (b), without any 

driving force originated from the concentration gradient or difference, except for the 

possible imbalance of the diffusion paths, the time-resolved zoomed-in image is 

available in Figure S2. The time steps are; 1, 50, 100, 250, 500, and 1000, for each 

consecutive panels, and the colour code for P values: 0~0.3, blue; 0.3~0.6, green; 

0.6~1.0, red(pink); ≥1.0, yellow(orange) (within the central box). Also included is the 

evidence of the intermediate states, where the green dotted areas were indeed observed 

in both forward (c) and back diffusion process, signifying the possible kinetic states, 

which could not be proven otherwise. 

 

SCHEMES 
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Scheme 1. The modelling process of water diffusion. 

 

Supporting Information.  

Figure S5. 1. Time-resolved image for Figure 5. 4b: All the P values were initialized to 

1, including the boundaries. All the W values were then assigned by either 0 or 1, to 

mimic the potential instabilities under the presence of 1D PbI2 chains. These diagrams 

showed the time-resolved water diffusion process, which seemed to be frozen, should 

such imbalance be regulated towards a certain orientation. 

Figure S5. 2. Time-resolved image for Figure 5. 4b: All the P values were initialized 

to 1, including the boundaries. All the W values were then assigned by either 0 or 1, 

to mimic the potential instabilities under the presence of 1D PbI2 chains. These 

diagrams showed the time-resolved water diffusion process, which seemed to be 

frozen, should such imbalance be regulated towards a certain orientation. 
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Here, a new promising perovskite structure of KMnF3 has been fabricated and 

characterized, which yields bandgap of 1.6 eV with fascinating moisture-resistance and 

phase stability. Investigation of structural, optical, stability and transport properties 

have done by XRD, SEM, UV–vis–NIR spectroscopy, photoluminescence and 

electrical conductivity test. Such examination indicated the high carrier mobility 

(18 cm2/V s) and density (1014/cm3) even after a long interval between each excitation. 

These transport properties are comparable to that of the organic perovskite, indicating 

the importance of KMnF3 for solar device applications. 

 

Introduction 

Organic-inorganic hybrid perovskites, such as methylammonium lead iodide (MAPbI3), 

have attracted much attention recently as light harvesting materials in photovoltaic 

devices due to its high-power conversion efficiency (PCE) (exceeding 22% in 2016) [1]. 

While such structure demonstrated great potential in practical applications, there are 

still challenges remaining which block the commercialization. Since the 

MAPbI3 firstly reported by Miyasaka, the stability of such structure has been extremely 

disappointing, especially under moisture attack [2], [3]. The major cause of the problem 

has been found to be the presence of methylammonium, which reacts with moisture and 

decomposes into HI and CH3NH2 [4]. Although various attempts have been made to 

improve the stability of the organic perovskite structure, including controlling the 

perovskite films morphology [5] encapsulation [6], [7], etc., none of these enhances 

successfully the lifetime beyond 1000 h. It is thus evident that, the organic ion A on the 

https://www.sciencedirect.com/topics/materials-science/perovskites
https://www.sciencedirect.com/topics/materials-science/photovoltaics
https://www.sciencedirect.com/topics/materials-science/photovoltaics
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib1
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib2
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib3
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib4
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib5
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib6
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib7
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ABX3 is intrinsically unstable, and it seems very unlikely to apply organic perovskite 

in practice. 

 

On the other hand, despite the stable performance in the moist environment (95% 

humidity), inorganic perovskite structures, such as CsPbI3 by Liang et al., were found 

to phase transform at room temperature [8], which lower the PCE by enhancing the 

bandgap. Phase transformation could be eliminated using CsPbBr3 [9], but its bandgap 

(2.3 eV) is still too large for practical application. This results in the challenge of 

reducing the bandgap, to improve the commercialization of inorganic perovskites. 

 

To achieve the goal of a reducing bandgap, numerous structures have been tested by 

doping A, B and X ions, including Rb/MAPbI3 [10], FAxMA1-XPbl3 [11], 

FASn/PbI3 [12], CsPbI2Br [13] etc. However, so far none of them offers a reduced 

bandgap to an appropriate level. This is simply caused by the fact that, people are only 

focusing by convention on the Groups of IA-IVA-VIIA elements or mixing between 

organics and Group IA-IVA-VIIA elements. This brings no intrinsic change to the 

structure and retains the inherent problem. 

 

It is, therefore, the purpose of the current letter, to synthesize and characterize an 

optimal inorganic perovskite with reduced bandgap, by breaking off the convention and 

introducing KMnF3. The same structure was studied before, for optical and magnetic 

properties [14], [15], [16], and its potential applications, on imaging and 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib8
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib9
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib10
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib11
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib12
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib13
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib14
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib15
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib16
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sensing [17], [18], [19], [20], [21], but bearing little relevance to photovoltaics. Our 

results show that the chosen candidate of KMnF3 presents great stability and excellent 

bandgap. The transport properties tests reveal surprisingly excellent carrier density and 

mobility. All this is successfully verified by experimental results, showing that 

KMnF3 has excellent moisture resistance, a favorable bandgap of about 1.6 eV, and 

superb transport properties, 18 cm2/V s in mobility and 1014/cm3 in density, ending 

hopefully the decade long-challenge. 

 

Experimental 

All the raw materials were purchased from Sigma-Aldrich™, including potassium 

fluoride (ACS reagent, > = 99.0%) and Manganese(II) chloride (beads, 98%). One gram 

of MnCl2 was ground into fine powders and then dissolved in 50 ml of DI water. 

Subsequently 5 ml of saturated KF water solution was added into the MnCl2 solution, 

then pink precipitate of KMnF3 formed immediately. After 12 h of stirring, the 

precipitate was separated from the solution by suction filtration. The collected 

precipitate was then washed by 95% ethanol and dried in an oven at 60 °C for half an 

hour. 

 

The sample was then subject to powder XRD, scanning electron microscope (SEM) and 

absorption spectrum bandgap test. A Bruker D8 DISCOVER diffractometer was used 

for Powder X-ray diffraction. Measurements were taken from 2θ values of 8–76° with 

a step length of 0.02°. A thin film sample coated on Fluorine-doped-Tin-Oxide glass 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib17
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib18
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib19
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib20
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib21
https://www.sciencedirect.com/topics/materials-science/carrier-mobility
https://www.sciencedirect.com/topics/materials-science/carrier-mobility
https://www.sciencedirect.com/topics/materials-science/powder-x-ray-diffraction
https://www.sciencedirect.com/topics/materials-science/thin-films
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(composition: SiO2/F; film thickness: 500 nm; bought from Huanan-Xiangcheng Tech 

LtD) was made by drop casting and annealing. The KMnF3 powder is dissolved in 

Dimethylformamide first, and then the solution is drop casted on the surface of FTO 

glass, after which the glass is subject to annealing at 200 °C for 30 min. A comparison 

thin film sample was made using the same process at 320 °C and annealed for 1 h. The 

thin film of KMnF3 is characterized by, FEI Magellan 400 XHR SEM, and then the thin 

film optical absorption measurements by Cary 5000 UV–vis–NIR Spectrophotometer, 

from 1200 nm to 200 nm. The bandgap was obtained by extrapolation of corresponding 

(A * hv)2 vs. energy (hv) curve of KMnF3 film as described by Liang et al. [8]. 

 

The photoluminescence test is conducted by a tunable Ar-ion laser from Melles Griot 

(35LAP431208) at a power of 130 mW with a repetition rate of 50 Hz. Carrier density 

is calculated from the PL result using the method reported by Ref. [33]. The 

electrical conductivity is tested by Keithley 2450 Sourcemeter using a thin film sample, 

the film is coated on a non-conducting normal glass substrate, copper electrodes are 

used. And carrier mobility is given by electrical conductivity divided by the product of 

electron charge and carrier density. 

 

Results and discussion 

Based on the new strategy, a much better bandgap value has been obtained from KMnF3, 

the contribution from the substrate is automatically subtracted by the spectrometer, and 

the absorption peak locates in 800 nm, as shown in Fig. 6. 1. KMnF3 has an indirect 

https://www.sciencedirect.com/topics/materials-science/film-thickness
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib8
https://www.sciencedirect.com/topics/materials-science/photoluminescence
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib30
https://www.sciencedirect.com/topics/materials-science/conductivity
https://www.sciencedirect.com/topics/materials-science/carrier-mobility
https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0005
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bandgap [22], a straightforward approach can be applied to estimate the bandgap via 

extrapolation of the (A * hv)2 vs. energy (hv) curve, yielding exciting interception at 

around 1.6 eV. 

 

Figure 6. 1. (a) The absorbance spectrum of KMnF3 solid thin film, and (b) the 

corresponding (A * hv)2 vs energy curve with the linear fit and extrapolation draw by 

Origin. 

 

The bandgap result from absorption test is in line with the photoluminescence result as 

shown in Fig. 6. 2, which peaks in 700 nm. The charge carrier concentration is 

estimated by the method reported in Ref. [33]. The estimated charge carrier density is 

on the scale of 1014/cm3. Although this result is lower than that reported in 

Ref. [33] which is on the scale of 1016–1018/cm3, the low value of KMnF3 sample is 

largely attributed to the low scanning rate and long interval between each scan, the 

scanning rate of our apparatus is 20 nm/s with 5 s interval, a large number of excited 

holes and electrons would be recombined within such a long period; while others are 

on the scale of mini, or even microseconds. Based on the measured carrier density and 

electrical resistance, the calculated carrier mobility is found to be around 18 cm2/V s. 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib22
https://www.sciencedirect.com/topics/materials-science/photoluminescence
https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0010
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib30
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib30
https://www.sciencedirect.com/topics/materials-science/carrier-mobility
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This is comparative to other types of perovskite, as indicated in the table below (Table 

6.1, Table 6.2, Table 6.3, Table 6.4). 

 

 

Figure 6. 2.  PL test curve. 

 

Table 6. 1. Comparison of carrier mobility in various references 

 

 

 

https://www.sciencedirect.com/topics/materials-science/perovskites
https://www.sciencedirect.com/science/article/pii/S0272884218325987#t0005
https://www.sciencedirect.com/science/article/pii/S0272884218325987#t0005
https://www.sciencedirect.com/science/article/pii/S0272884218325987#t0010
https://www.sciencedirect.com/science/article/pii/S0272884218325987#t0015
https://www.sciencedirect.com/science/article/pii/S0272884218325987#t0020
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Table 6. 2. Crystal data for KMnF3. 

 

 

Table 6. 3. Comparison of TF between KMnF3 and MAPbI3. 

 

 

Table 6. 4. Comparison of the octahedral factor between KMnF3 and MAPbI3. 

 

 

In the meantime, XRD has to be employed to study the structural and compositional 
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change under the influence of water, as has been done by many others [4], [7], [8], [38]. 

Following the practice of the literature for perovskite stability study [8], [9], [25], the 

water immersion test has been conducted. The organic perovskite structure reported by 

others generated new peaks in XRD pattern after being placed in the humid 

environment for several hours, indicating the decomposition of the perovskite. However, 

our sample kept its original crystal structure, a simple cubic with space group P3mm, 

even after water immersion for 12 h, as shown in Fig. 6. 3, demonstrating that our 

structure is much more moisture-resistant. All this verifies not only the chemical 

stability but also the phase stability of KMnF3, which has not been achieved by 

previously reported perovskite structure, such as MAPbI3 or CsPbI3 [7], [8], [23]. 

 

 

Figure 6. 3. (a) XRD results of KMnF3 after immersing in water for more than 12 h; (b) 

Williamson-Hall plot. 

 

The average crystallite size of the as-synthesized sample powder was estimated by the 

XRD pattern. The Williamson-Hall equation was used: 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib4
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib7
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib8
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib35
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib8
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib9
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib25
https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0015
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib7
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib8
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib23
https://www.sciencedirect.com/topics/materials-science/crystallite-size
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βhkl=(Kλ/d)+(4ϵsinθ) 

where λ is wavelength of the incident X-ray, d is the crystallite size, βhkl is half peak 

width of corresponding (hkl) plane, K is a constant which often equals to 0.94, ϵ is strain 

and θ is brag angle. The average crystallite size of the as-synthesized powder obtained 

from the Williamson-Hall plot is 62.3 nm. A film was manufactured by drop casting 

and annealing and subjected to SEM characterization. From the observation of SEM, 

the size of the particles after 30 min annealing varies from 0.1 to 1 µm. It shows 

aggregating large cubic morphology with some larger particles devouring small ones. 

When annealing at a higher temperature (320 °C) and longer time (1 h), the size 

distribution gets homogenized, most of the cubes are sized at about 0.1 µm (Fig. 6. 

4, Fig. 6. 5). 

 

Figure 6. 4. SEM image shows larger crystals dispersed on the surface (200 °C, 30 min 

annealing time). 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0020
https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0020
https://www.sciencedirect.com/science/article/pii/S0272884218325987#f0025
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Figure 6. 5. SEM image shows homogenized crystals dispersed on the surface (320 °C, 

1 h annealing time). 

 

This seemingly trivial step beyond the conventional IA-IVA-VIIA group elements for 

the inorganic perovskite for solar cell can be traced back to the days when organic 

perovskite was firstly reported. In the original ABX3 structure, B and X sites are 

occupied by IVA-VIIA group elements, such as Pb/Sn, and I/Br. Greatly influenced by 

these works, the inorganic solar cell perovskite has also been using IVA-VIIA group 

elements to fill B and X sites, an understandable psychological inertia. However, not 

much improvement has been achieved, even though almost all IVA-VIIA group element 

combinations have already been exhausted. The unsuccessful attempts prompt us to 

give up on the IVA-VIIA group elements in solar cell design, as they may not work for 

our purposes. Inspired by the original structure of inorganic perovskite ore, we found 

that, it is possible to employ other group elements to fit B and X sites. Instead of 

focusing on the organic or organic-inorganic hybrid, we searched beyond the solar cell 

https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
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literature, and eventually reached the structure of having K, Mn, and F to fit A, B, and 

X sites of perovskite, respectively, which offers a reduced bandgap. 

 

The choice of the elements has profound materials implications, not least of which is 

the large difference in the electronegativity among K, Mn, and F ions, which favors the 

chemical stability. Another important facet is the relative size differences among K, Mn 

and F ions. Such a relationship has been described by tolerance factor (TF). The TF 

values of KMnF3 predictably located in the optimum range, which contributes to the 

stability of the perovskite structure [24], [25], [28]. 

The importance of TF values can be judged by the fact that, it is correlated directly to 

the physical stability, which influences the structural lifetime. Ideally, the TF should be 

found within 0.812–1.106 [26]. For perovskite with TF < 0.8, the structure would be 

transformed into NH4CdCl3-type, which implies that A ion size is too small to hold the 

PbX6 octahedral, so the structure collapses; for the perovskite of TF > 1, the 3D 

structure is no longer in favor, 1D or 2D structure will then be formed instead [29]. 

Overall, a large A cation will favor a stable perovskite structure; but an oversized A 

cation will crumble the perovskite structure, transformed to 1D or 2D structure and 

hence increases the bandgap of such perovskite structure. The relative sizes of K, Mn 

and F ions decide whether K+ can be fitted into MnF6 octahedral, thus gives excellent 

stability. 

 

Although KMnF3 was once synthesized as an antiferromagnetic material [24], which 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib24
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib25
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib26
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib26
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib27
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib24
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was perhaps why it has been distinguished from other inorganic perovskites, its 

antiferromagnetic properties may not be related to its photoluminescence, as the latter 

is determined by the bandgap. A more related point, however, could be the structure of 

KMnF3 itself, where both B and X sites are modified to accommodate the smaller size 

of inorganic A ion. This gives KMnF3 an outstanding octahedral factor value, which is 

given by the ratio of effective ionic radii of B and X ions, which is directly reflected in 

the bandgap engineering [24], [29], [30]. 

More specifically, among the 4 factors that affect bandgap, including effective 

electronegativity difference between the B cations and X anions; electronegativity of X 

site anions; dimensionality of the BX6 network (influenced by TF); and the angle of the 

B–X–B bonds (influenced by OF), the last one has the biggest effect which can be 

directly tuned by OF [31]. The usual alkaline metal lead halide perovskite has a small 

OF which tilts the BX6 network, and increases the B-X-B angle, resulting in a larger 

bandgap. In our case, however, the selected KMnF3 has a larger OF to increase the B-

X-B bond angle, leading to a much smaller bandgap than all other inorganic perovskite 

structure reported in photovoltaics, a direct application of the bandgap engineering 

strategy. All this has indeed been verified by the experiments, when we have 

successfully achieved the low bandgap, while maintaining the stability at the same time. 

 

Summary 

To summarize, we have found an inorganic perovskite structure with both great stability, 

reduced bandgap value and high transport properties. The formation and characteristics 

https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib24
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib27
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib28
https://www.sciencedirect.com/science/article/pii/S0272884218325987#bib29
https://www.sciencedirect.com/topics/materials-science/halide
https://www.sciencedirect.com/topics/materials-science/photovoltaics
https://www.sciencedirect.com/topics/materials-science/perovskites
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of such structure are theoretically studied, using a simple solution processing method 

followed by an investigation of structural, optical, stability and transport properties. 

XRD and SEM results prove the powder synthesized is in the form 

of nanoparticles with an average crystallite size of around 60 nm. Powder XRD pattern 

shows the resulting KMnF3 is moisture-resistant. The absorption spectrum shows its 

bandgap of around 1.6 eV. Photoluminescence and electrical conductivity test indicates 

a comparable transport property to the highly-efficient organic perovskite structure. 

With the possible further development, KMnF3 will be of great potential to replace the 

existing perovskite structures for solar cell application, with both the required stability 

and desired PCE, and to form the solution to the renewable energy soon. 
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Broad impact may be anticipated when an energy bandgap is varied substantially by a 

small change of the physical environment. Such possibility has now been discovered 

by the example of perovskite structure of KMnF3 in this paper, where the 

photoluminescence, X-ray diffraction, scanning electron microscope and conductivity 

measurements were conducted, and the bandgap reduced up to 20% when a small 

magnet was placed beneath the substrate. It was also found that the electrical 

conductivity increased in the meantime by more than 15 folds under the 0.6 Tesla field 

strength. Such reduction in perovskite bandgap and enhancement in the transport 

properties were also observed by us in other structures, such as CH3NH3PbI3 and 

CsPbBr3. These discoveries are expected to improve device performance and accelerate 

the commercialization. 

 

Introduction 

The ability to control bandgap is critical for many semiconductor applications yet 

challenging in materials science and engineering, in particular in inorganic 

semiconductors, due to their wide applications in almost every part of our life, such as 

integrated circuits  [7], light emitting devices  [8] and photovoltaics  [9,10], where the 

performance can be enhanced greatly by adjusting the bandgap energy. One such 

challenge comes from perovskite structures, which have been actively studied recently 

for solar cell applications  [11], where the energy efficiency is largely influenced by 

their bandgap, such as CsPbI3 and CsPbBr3  [12,13], originally introduced to remove 

the moisture instability of organic perovskites. However, the energy efficiency of these 
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inorganic perovskites is much lower than the organic counterpart, due to their high 

bandgaps at room temperature, which calls for an answer to the challenge of adjusting 

the bandgap of existing semiconducting perovskites in general.  

 

Although a number of “bandgap engineering” methods have been proposed for 

perovskites, such as replacing the A, B and X elements, for example, RbPbI3  [14], 

KPbI3  [15], and CsPbBr3  [16], none offers a reduced bandgap to the needed level thus 

far. On the other hand, lowering bandgap through dopants, such as Rb/MAPbI3  [17], 

FAxMA1-xPbl3  [18], FASn/PbI3  [19], often results in the compromise of other 

materials properties, such as chemical stability, equally critical to the practical 

applications. 

 

It is therefore the purpose of the current letter, to search for the bandgap alteration 

without compromising other properties. Transition metal elements were chosen here 

due to their unique electromagnetic properties contributed by the 3d orbital structure, 

which was overlooked before. We unexpectedly discovered that, under the presence of 

a modest magnetic field strength of 0.6T, KMnF3 perovskite exhibits both bandgap 

reduction from 1.77eV to 1.47eV as well as electrical conductivity enhancement by a 

factor of 15. Similar but less dramatic results were also obtained in other perovskites, 

such as MAPbI3 and CsPbBr3. These observations seem to be contradictory to the usual 

understanding of electron orbitals affected by magnetic field described by Landau 

levels, where the bandgap change is negligible at room temperature  [2]. Neither could 
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it be attributed to the electromagnetic interactions of ions, formulated by Maxwell’s 

equations and Lorentz formula  [3], where the magnetic field effect is ignorable, as 

confirmed by the experimental results of the crystal growth under magnetic 

fields  [3,20]. Although some have investigated the possibility of modifying the 

bandgap energy of metal and ferromagnets by magnetic field, such as the modulation 

of the Aharonov–Bohm phase by an axial magnetic field which changes the electron 

wavefunction by an electromagnetic potential  [4], multiwall nanotube tuned by 33T 

magnetic field  [5], and Stoner model for the ferromagnetic materials in which the 

influence on band structure depends on the magnetic polarization  [6], little effect has 

been demonstrated. Therefore, our discoveries open a new channel, not only of bandgap 

energy tuning in particular, but also of nanostructure tailoring in general. 

 

 

Experimental 

CsPbBr3 (99.999%), N, N-Dimethylformamide (>99%), CH3NH3I (>99.98%, 

anhydrous) and PbI2 (>99.98%) were bought from Xi’an Polymer Light Technology 

Corp. KF (ACS reagent, > = 99.0%), ZnCl2 (99.999%), and MnCl2 (beads, 98%) were 

bought from Sigma-Aldrich. KMnF3 perovskite was discovered using tolerance factor 

and octahedral factor criteria  [21]. It possesses both reduced bandgap and great 

stability  [22]. KMnF3 and MAPbI3 were synthesised using the method described in 

reference  [22–24]. MnCl2 (1g) was ground into fine powders and then dissolved in DI 

water (50ml). Subsequently saturated KF water solution (5ml) was added into the 
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MnCl2 solution, pink precipitate of KMnF3 formed immediately. After 12 h of stirring, 

the precipitate was separated from the solution by suction filtration. The collected 

precipitate was washed next by 95% ethanol and dried in an oven at 60 °C for half an 

hour. ZnCl2 (1g) was dissolved in DI water (50ml). Subsequently, saturated KF water 

solution (5ml) was added into the solution, white precipitate of KZnF3 formed 

immediately. After 6 h of stirring, the precipitate was separated from the solution by 

suction filtration. Next, the collected precipitate was washed by 95% ethanol and dried 

in an oven at 60 °C for half an hour. 

A uniform KMnF3 thin film was made through PVD sputtering method. A radio 

frequency (RF) method was adopted. Ar was used as carrier gas, and the deposition 

process was done in 10 mTorr condition. The thin film was deposited on Fluorine-

doped-Tin-Oxide glass substrate (composition: SiO2/F; film thickness: 500 nm; 

purchased from Huanan-Xiangcheng Tech Ltd). The KMnF3 thin film has a thickness 

of 300nm, which was measured by KLA-Tencor D-100 Alphastep Profilometer. Such a 

thickness would not affect the bandgap and conductivity measurements. Based on the 

trials of the KMnF3 film made by drop-casting (several microns in thickness), which 

showed almost the same results compared with the thin film; therefore, no difference 

between thin film and the bulk KMnF3 was expected. 

 

Powder XRD was conducted with a Bruker D8 DISCOVER diffractometer; 

measurements were taken in the 2θ range of 10 to 76°. Small magnetic cube was placed 

beneath the sample film when conducting the XRD measurements to investigate the 
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influence of magnetic field on the crystal structure. SEM was done by FEI Magellan 

400 XHRSEM. All diagrams were drawn in Origin 9.0. Magnetic field was provided 

by Magnets Block Cube Rare Earth Neodymium Magnet N52/N42/N42SH 

(1cm*1cm*1cm in size), and the strength of magnetic field was measured by SJ200 

Gauss Meter (shown in Figure S1&S2). Photoluminescence (PL) measurements of 

CsPbBr3, MAPbI3, KMnF3 was conducted before and after a magnetic field was applied. 

The photoluminescence experiment was conducted by a tunable Ar-ion laser from 

Melles Griot (35LAP431208) at a power of 130 mW with a repetition rate of 50 Hz. 

The bandgap of KZnF3 was measured by the Cary 5000 UV–vis–NIR 

Spectrophotometer, from 800 nm to 300 nm. The conductivity and carrier mobility of 

perovskites were measured through I-V curve measurements on CMS100 

electrochemical workstation (purchased from The Illinois Department of Central 

Management Services), as reported in the literature  [25,26].  

 

Results & Discussion 

Under the presence of external magnetic field of 0.6 Tesla, a more favorable 

bandgap energy for solar cell applications has been obtained from KMnF3, as shown in 

Figure 7. 1(a). The photoluminescence spectrum of KMnF3 peaks at 700 nm in the 

absence of the magnetic field; while this peak redshifts to 850 nm gradually with the 

increasing magnetic field, which corresponds to 0.3 eV (17%) change in bandgap. 

Moreover, the transport properties also demonstrated a significant increase under the 

magnetic field, as can be confirmed in Figure 7. 1(b) & (c), where the electrical 

https://www.sciencedirect.com/topics/materials-science/photoluminescence
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conductivity increased more than 15 times at 0.6T magnetic field. This enhancement 

on the conductivity is apparently attributed to the carrier mobility, as can be confirmed 

in Figure 7. 1(d), whose value was raised by more than 20 times at 0.6T magnetic field, 

which accelerated the motion of 3d electron in Mn. Thus, it is clear that KMnF3 shows 

a strong response to magnetic field, which not only lowers the bandgap, but also raises 

the electrical conductivity. From the results of bandgap reduction under magnetic field, 

there seems to exist a positive trend with increasing magnetic field strength, which is 

definitely worth further investigation. An SEM measurement has also been conducted 

to observe the morphology of the sputtered KMnF3 film, which indicated a nanosized 

grain with clear grain boundary area, as shown in Figure 7. 2. 

 

 

Figure 7. 1. (a)PL measurements of KMnF3 under various magnetic fields. Information 

about the magnetic strength and PL measurement equipment is given in support 
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information Figure S7. 1; (b) electrical conductivity measurements of KMnF3 thin film 

under various magnetic fields; (c) bandgap reduction and conductivity enhancement of 

KMnF3 under various magnetic fields; (d) carrier density/mobility and electrical 

conductivity vs magnetic field. 

 

Figure 7. 2. Nanosized grain of KMnF3 film deposited by sputtering. 

 

To confirm our finding, Cyclic Voltammetry (CV) has been conducted to determine 

the bandgap reduction. As shown in Figure 7. 3, the bandgap of KMnF3 extracted from 

the figure was around 1eV when no magnetic field was adopted  [28]; while such 

bandgap reduced by 0.35eV under a 0.6T magnetic field, as opposed to the optical data 

of 0.3eV. The difference is attributed to the fact that bandgap measured by CV is 

normally smaller than optical data, as reported before [28–30], which is usually affected 

by the electrolyte. 
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Figure 7. 3. CV measurements on the bandgap reduction of KMnF3 under magnetic 

field (extrapolated by Origin 9.0). 

      

     It is apparent from the results above, applying magnetic field to the perovskite 

reduces its bandgap, and enhances its transport properties by more than 15 folds, which 

is in sharp contrast to the literature of attempting to raise the performance by magnetic 

field during the film formation, but resulted in only 1% improvement  [20]. Such huge 

difference may be attributed to the presence of Mn in our case, which is a transition 

metal with unpaired 3d electron. To further verify this, other non-Mn perovskite 

structures have been investigated, including MAPbI3, CsPbBr3 and KZnF3. The 

property of KZnF3 is unique, as Zn element is also a transition metal that has a fully 

filled 3d shell which forms sharp contrast with KMnF3. The bandgap of KZnF3 was 

measured by UV-vis absorption spectroscopy, as shown in Figure 7. 4(a)&(b), which 

shows almost no bandgap reduction at all magnetic fields, and the bandgap remained 

the same at around 3.0 eV in both measurements. This can be attributed to the fully 

filled 3d shell of Zn, which has little magnetic response; while Mn has a half filled 3d 

shell, the five 3d electrons are all aligned in the same direction, which produces a strong 
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magnetic response. An XRD and SEM measurements were also conducted to detect the 

structure of KZnF3, which showed a cubic structure with Pm3m space group, as 

demonstrated in Figure 7. 4(c)&(d). 

 

Figure 7. 4. (a)UV-vis absorption of KZnF3 at various magnetic field; (b)corresponding 

Eg vs (abs*hv)2 plot and the Tauc plot. Absorption measurement was applied due to the 

large bandgap of KZnF3 exceeded the measurement range of PL equipment; (c) the 

XRD pattern and crystal structure of KZnF3; (d) the morphology of KZnF3 film under 

SEM. 

 

      On the other hand, MAPbI3 and CsPbBr3 exhibited a similar trend as KMnF3 

under magnetic field, but not as large in terms of the bandgap reduction and transport 

properties enhancement. The PL experimental results are shown in Figure 7. 5&7. 6 

(a)&(b), where the bandgap of MAPbI3 and CsPbBr3 is reduced by 0.07 eV and 0.08 
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eV at 0.6T magnetic field, respectively, much smaller than that of the KMnF3. Neither 

has the transport properties been increased significantly; the largest raise in transport 

properties were only 130% for MAPbI3 and 120% for CsPbBr3, as proved in Figure 7. 

5&7. 6 (c)&(d).  

 

Figure 7. 5. (a)PL measurements of MAPbI3 under various magnetic fields; (b) 

electrical conductivity measurements of MAPbI3 thin film under various magnetic 

fields; (c) bandgap reduction and conductivity enhancement of MAPbI3 under various 

magnetic fields; (d) carrier density/mobility and electrical conductivity vs magnetic 

field. 
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Figure 7. 6. (a)PL measurements of CsPbBr3 under various magnetic fields; (b) 

electrical conductivity measurements of CsPbBr3 thin film under various magnetic 

fields; (c) bandgap reduction and conductivity enhancement of CsPbBr3 under various 

magnetic fields; (d) carrier density/mobility and electrical conductivity vs magnetic 

field. 

 

     Such surprising results may only be attributed to the change in electron orbitals 

instead of that in the lattice parameter under the magnetic field, as confirmed by Figure 

7. 7. The diffraction patterns of the materials with and without magnetic field are 

identical, which proves that the lattice parameters remained the same in all 

measurements.  
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Figure 7. 7. XRD experiments of KMnF3 with and without the application of magnetic 

field.  

 

     Obviously, much better results have been obtained from our experiments, 

compared with similar attempts of others, where the conclusions were often based on 

predictions and bandgap reduction was very small (0.07 eV at 33 T). Although magnetic 

field was also applied before, the reduction was confined to some specific materials, 

including graphene based nanotubes  [4,5] and ferromagnets  [6]. In our case, however, 

bandgap reduction was observed at several different types of perovskites with the Mn-

containing structure shows the largest reduction. The influence of Mn comes from its 

contribution to the band structure formation of KMnF3. As can be found in the literature, 

the valence band maximum (VBM) of KMnF3 is attributed to the Mn 3d-eg orbitals, 

and the conduction band minimum (CBM) is attributed to the Mn 3d-t2g orbitals  [31–
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33]. When the magnetic field is applied, the bandgap is changed because the spin-orbit 

coupling between the spin of the 3d electrons and the VBM/CBM orbitals is influenced 

by the alteration in the 3d electron spin by the magnetic field. This change in the spin-

orbit coupling is large, because all the 3d electrons in Mn are unpaired and align in the 

same direction, which react strongly to the external magnetic field. And the unpaired 

3d electron motion can be accelerated by the external magnetic field, which in turn 

increases the electrical conductivity. 

 

On the other hand, the VBM of KZnF3 is contributed by the interaction between 

Zn-3d and F-2p orbitals, and the CBM is contributed by the interaction between Zn 4s 

and F 2p orbitals  [34]. Although 3d orbitals are involved in the band structure 

formation, the 3d shell of Zn is fully filled. Therefore, all the 3d electrons are paired, 

and thus their magnetic responses are cancelled out. As for MAPbI3, its VBM consists 

of the hybridizations of the atomic 5p orbitals of iodine and 6s orbitals of lead, and the 

CBM is mainly formed of empty 6p orbitals of lead  [35,36]. There are no d orbitals 

involved in its band structure. Although no magnetic response is expected theoretically, 

the heavy nature of the lead and iodine ions results in significant spin–orbital coupling 

which may exhibit a certain magnetic field response  [35,36], but certainly 

noncomparable to that of Mn-containing perovskite.  

 

Conclusions 

     In conclusion, a surprising bandgap tuning method has been found. By the 
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presence of a modest magnetic field of only 0.6T, the bandgap changes up to 0.3 eV 

and transport properties increase by more than 15 folds, presumably through the spin-

orbit coupling of the perovskite structure. The method is effective to most of the 

perovskites, especially to those perovskites containing transition metal elements with 

unpaired d electrons. In addition, it has also been discovered that the carrier mobility 

of perovskite semiconductors can be enhanced by magnetic field. Those discoveries are 

expected to offer immediate impact on the rapid development of perovskite solar cells, 

as they open a new channel of tuning the bandgap and enhancing transport properties 

of perovskite structure in general. 
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Chapter 8 Conclusions 

This thesis aims to advance the understanding of the degradation, performance, 

structural stability, and phase transition in both organic and inorganic perovskites. In 

the first stage, we investigated the degradation mechanism of the organic perovskites, 

which was attributed to the H bonds. The perovskite structure was reconstructed when 

annealed at 90℃, providing an effective strategy to fight against moisture degradation. 

Following this work, we developed a structural manipulation method, which enabled 

us to artificially design the materials property. Based on the discovery, the hydrate of 

FAPbI3 was synthesized, which showed a reduced bandgap of 1.6eV. The 

thermodynamic calculation showed that the new phase has a lower Gibbs free energy 

of 0.12eV compared to the δ phase. Thus, the new phase will remain stable in the air, 

as can be confirmed in the experiment work, where the device lifetime was enhanced 

from 2 days to more than 20 days. In the simulation work, the water diffusion process 

was modelled in the perovskite structure. It was found that the diffusion was initiated 

by the surface imperfection, where the diffusion activation energy can be compensated 

by the surface energy. The evaporation of water was smiluated by the back diffusion, 

which demonstrated a non-linear diffusional profile. 

 

In the next step, a fresh inorganic structure was proposed by thinking beyond the 

psychological inertia. The stable inorganics of comparable bandgap to the organic 

counterparts have been reported. KMnF3 exhibited excellent moisture and thermal 

stability, and showed a suitable bandgap value of 1.7eV, which not only leads to good 
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transport property, but also opens an avenue in magnetic research, which was studied 

in the following stage. The unique properties of KMnF3 were attributed to the magnetic 

beheviour of the Mn element. To verify this hypothesis, extensive experiments were 

conducted under low to moderate magnetic fields. The bandgap of KMnF3 reduced up 

to 20% when a small magnet was placed beneath the substrate. In addition, the electrical 

conductivity increased in the meantime by more than 15 folds under the 0.6 Tesla field 

strength. A similar effect was also observed in other structures, such as MAPbI3 and 

CsPbBr3, providing effective strategies to enhance the device performance and 

accelerate the commercialization. 

 

Overall, our work attracted much attention in the perovskite community. The low 

bandgap inorganic perovskite was widely recognized by other literatures (Physical 

Review B, 101(6), p.064401.; Ceramics International, 45(7), pp.8669-8676.). In 

addition, the degradation mechanism of the organic perovskite provided immediate help 

to the community (Advanced Energy Materials 10, no. 22 (2020): 2000691.; Advanced 

Science. 2020 May;7(10):1903250.; Journal of Power Sources, 454, p.227938.; Journal 

of Energy Chemistry, 48, pp.293-298.). Hopefully, our discoveries will attract more 

attention in this field in the future. 
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Lists of the contents of material supplied 

Figure S2. 1. (a)Schematic illustration of the in-situ XRD measurement chamber; (b) 

the actual picture of the in-situ XRD chamber. 

Figure S2. 2. (a)Crystal structure of CH3NH3I; (b) calculated powder XRD pattern of 

CH3NH3I based on single crystal data. 

Figure S2. 3. (a)Fibrous (spectrum 1) and cubic area (spectrum 2) chosen for EDS 

analysis; (b) EDS peaks for spectrum 1; (c) EDS peaks for spectrum 2; (d) weight 

percent distribution of elements in spectrum 1&2, carbon in spectrum 1 comes from the 

surface carbon coating instead of CH3NH3I as no nitrogen was detected (the EDS is 

useful as a qualitative analysis, but certainly not for a quantitative one, as its accuracy 

is limited [1] [2]). 

Table S1. Crystal data and structure refinement for CH3NH3I. 

 

 

Figure S2. 1. (a)Schematic illustration of the in-situ XRD measurement chamber; (b) 

the actual picture of the in-situ XRD chamber. 
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Figure S2. 2. (a)Crystal structure of CH3NH3I; (b) calculated powder XRD pattern of 

CH3NH3I based on single crystal data. 

 

 

Figure S2. 3. (a)Fibrous (spectrum 1) and cubic area (spectrum 2) chosen for EDS 

analysis; (b) EDS peaks for spectrum 1; (c) EDS peaks for spectrum 2; (d) weight 

percent distribution of elements in spectrum 1&2, carbon in spectrum 1 comes from the 

surface carbon coating instead of CH3NH3I as no nitrogen was detected (the EDS is 

useful as a qualitative analysis, but certainly not for a quantitative one, as its accuracy 

is limited [1][2]). 
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Table S. 1. Crystal data and structure refinement for CH3NH3I. 

Compound CH3NH3I 

Empirical formula CH6NI 

Weight 158.97g/mol 

Temperature  295K 

Wavelength 0.71073 Å 

Crystal system tetragonal 

Space group P4/nmm (No. 129) 

Unit cell dimensions a=b=5.124 Å; c=9.039 Å 

Volume 237.3 Å3 

Z 2 

Absorption coefficient 6.543/mm 

Absorption (exp)  

Tmin, Tmax 

0.4388, 0.7461 

 

F(000) 144 

Crystal size 0.29cm*0.284cm*0.088cm 

θ range for data collection 2.253°-30.737° 

index ranges -7<h<7 

-5<k<7 

-13<l<11 

Reflections collected 1917 

 

Reference 

[1] M. S. Adaramola, M. Agelin-Chaab, and S. S. Paul, Analysis of Hybrid Energy Systems for 

Application in Southern Ghana, Energy Convers. Manag. 88, 284 (2014).  

[2] G. Gulyamov, U. I. Erkaboev, G. N. Majidova, M. O. Qosimova, and A. B. Davlatov, New 

Method of Determining the Landau Levels in Narrow-Gap Semiconductors, Open J. Appl. Sci. 05, 

771 (2015). 
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Materials 

All the materials were used as received without any further purification, including SnO2 

(15% in H2O colloidal dispersion, Alfa Aesar), ethanol (AR Beijing Chemical Works), 

FAI (CH5N2I) (>99.98%, anhydrous Xi'an Polymer Light Technology Corp.), HBr (48 

wt.% in water, Sigma-Aldrich), HI (57 wt.% in water, Sigma-Aldrich), PbO (99.999%, 

Sigma-Aldrich), PbI2 (99.999%, Sigma-Aldrich), chlorobenzene (99.9%, Sigma-

Aldrich), isopropanol (IPA, 99.99%, Sigma-Aldrich), N,N-dimethylformamide (DMF, 
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99.99%, Sigma-Aldrich), Dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich), Spiro-

OMeTAD (Xi'an Polymer Light Technology Corp.), bis(trifluoromethane)sulfonimide 

lithium salt (99.95%, Aldrich), 4- tertbutylpyridine (99.9%, Sigma-Aldrich), and ITO 

substrates.  

 

Film formation and device fabrication 

The FTO substrate was sequentially washed by distilled water and ethanol in the 

ultrasonicator, with two times each. The SnO2 colloidal solutions (15% in H2O) were 

further diluted by H2O to 2.67%. After 20 mins of UV–O3 treatments, the diluted SnO2 

solutions were spin-coated at 3000 rpm for 30 s on FTO substrates and annealed on a 

hot plate at the displayed temperature of 150 °C for 30 min in ambient air. For the 

FAPbI3 metal halide perovskite layer, two-step spin coating method was adopted 

following previous report. In detail, 30 μL of lead iodide solutions were first spin-coated 

at 2300 rpm for 30 s and annealed at 70 ℃ for 1 min. Next, 80 μL of FAI precursor 

solutions were spin coated at 2000 rpm for 30 s. The as fabricated films were annealed 

at 150 °C for 45 min in air. For the synthesis of the ε phase, the substrate was left in the 

humid environment of 80RH% for 7 days. The XRD measurement was conducted to 

confirm the formation of the ε phase. The SEM measurement should be conducted at 

this stage to investigate the film morphology. Next, 30 μL Spiro-OMeTAD solution 

doped with LiTFSI and tBP was deposited at 3000 rpm for 30 s. The hole transport 

material (HTM) solution was prepared by dissolving 60 mg spiro- OMeTAD, 30 μL 4-

tert-butylpyridine and 35 μL Li-TFSI/acetonitrile (260 mg mL−1) in 1mL 
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chlorobenzene. Finally, 100 nm Ag was thermally evaporated as counter electrode 

under a pressure of 5 × 10−5 Pa on top of the hole transport layer to form the metal 

contact.   

 

Synthesis of ε, θ, and μ phases 

FAPbI3 monohydrate, dihydrate, and trihydrate were synthesized by adding water into 

the thin film of FAPbI3 by the molar ratio of 1:1, 1:2, and 1:3 respectively. A uniform 

FAPbI3 thin film was synthesised first by drop casting using syringe. The amount of 

FAPbI3 contained in such thin film can be given by the multiplication of the volume 

and the concentration of FAPbI3 solution. The amount of water to be transferred to the 

thin film could thus be determined. The micropipette was adopted to transfer the water. 

In the following step, single crystal needles of ε were synthesized via commonly 

adopted antisolvent vapor-assisted crystallization (AVC) method. Acetone as anti-

solvent was added to the thin film of ε. After two weeks, the yellow needle-like single 

crystal of ε can be obtained. The single crystal needle was picked up under optical 

microscope and measured by Bruker APEX-II diffractometer at room temperature. The 

data was processed in APEX2 V2014.9.0, and structure solution and refinement were 

processed in SHELXT and SHELXL (Sheldrick, 2015). 

 

Thermodynamic calculation 

The transform diffraction is determined by the relative peak height of each phases. For 

δ → ε transformation, the peak at 13.2° and 38.8° were adopted, which represented the 
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characteristic peak of ε and δ phases. The ratio of the 2 peak heights gives the 

transformation fraction, which should equal to exp(-ΔG/RT). The ΔG of (δ-ε) could 

thus be determined. Similarly, for ε → θ transformation, the peak at 16.8° and 58.5° 

were adopted, which represented the characteristic peak of θ and ε phases. The ratio of 

the 2 peak heights gives the transformation fraction. For θ → μ transformation, the peak 

at 9.2° and 16.8° were adopted, which represented the characteristic peak of μ and θ 

phases. The ratio of the 2 peak heights gives the transformation fraction. 

 

 

Figure S7. 1. The comparison of the measured and calculated XRD data of ε phase. The 

calculated data was extrapolated from the single crystal XRD measurement. 
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Figure S5. 1. Time-resolved image for Figure 3c: the possibility of water back diffusion 

has been simulated, when the left boundary of the lattice was set to zero, after the 

complete saturation of all the Ps (=1.0). Only the P value were updated throughout the 

time iteration to simulate the back diffusion.  These diagrams showed the time-

resolved water diffusion process. Eventually, it was discovered that the diffusion seems 

to be localized within some area, or even become trapped in the area far away from the 
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draining boundary. 

 

Figure S5. 2. Time-resolved image for Figure 4b: All the P values were initialized to 1, 

including the boundaries. All the W values were then assigned by either 0 or 1, to mimic 

the potential instabilities under the presence of 1D PbI2 chains. These diagrams showed 

the time-resolved water diffusion process, which seemed to be frozen, should such 

imbalance be regulated towards a certain orientation. 

 


