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SUMMARY. Halide perovskites have recently shown potential as stimuli-responsive materials (SRMs) 

for a range of important technologies such as smart windows, memory devices, data storage, and 

sensors. Herein, we overview these emerging SRMs that are based on halide perovskite systems of 

switchable optical and electrical properties, as well as discuss their switching characteristics and 

practical applications. We summarize the reversible chemical and structural transformations of these 

materials and categorize them by their switching mechanisms. Furthermore, to guide the community’s 

search for new designs of stimuli-responsive halide perovskites, we outline several important criteria for 

effective switchable materials. Finally, we provide our perspective on the current challenges and future 

developments of these emerging materials. 

CONTEXT & SCALE. Halide perovskites offer a unique blend of useful semiconductor properties 

with defect-tolerance and facile solution-processing, making them attractive for a broad range of 

optoelectronic applications. These materials can be prepared at relatively mild conditions and yet attain 

remarkable device performances. Their low formation energy and soft ionic nature make them easy to 

synthesize, but also susceptible to changes and degradation. Such dynamic behavior enables halide 

perovskites to readily undergo reversible chemical and structural transformations upon exposure to 

external stimuli such as light, temperature, electric field, and chemical environment. The optoelectronic 
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performance, the processability, and the reconfigurability of halide perovskites, viewed together, make a 

potentially winning combination of traits for stimuli-responsive materials (SRMs) for switchable 

applications that are driving energy efficiency, autonomy, and digitization. 

This review introduces the reader to both fundamental and applied aspects of the emerging class of 

SRMs based on halide perovskites. We highlight the significant progress in the field, showcasing halide 

perovskite systems of switchable optical and electrical properties for practical applications, such as 

smart (photovoltaic) windows, memory devices, data storage, and sensors. The current challenges 

associated with the switching characteristics of stimuli-responsive halide perovskites and their future 

potential for various smart technologies are also discussed. 

KEYWORDS: stimuli-responsive, switchable, perovskite, smart materials 

GRAPHICAL ABSTRACT 
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1. Introduction 

Since the dawn of civilization, nature has been a source of inspiration for humanity’s technological 

feats: from irrigation and architecture to flight and gene-editing. Materials engineering has also drawn 

on elements of nature to impart desirable functionalities on artificial materials that empower new 

technologies; a prime embodiment of which are stimuli-responsive materials (SRMs). Chameleon-

inspired SRMs that can reversibly switch their colors or other physical properties by external stimuli – 

e.g., light, temperature, pressure, electricity, and chemical environment – are valuable for a range of 

technologies,1 such as smart windows and mirrors,2 anti-glare glasses,3 memory devices,4 data 

encryption,5 logic gates,6 and sensors.7 

Prussian Blue (1704) is probably the oldest synthetic SRM; it undergoes discoloration upon reduction 

and turns back to its colored state when oxidized.3 The long-known pH-indicators also display reversible 

color change; in response to acidity level. More recent developments of SRMs include molecular 

switches based on spiropyrans, diarylethenes, azobenzenes, stilbenes, and helicenes with photo-, thermo-

, and electro-switchable properties.8–10 Their structural diversity offers vast possibilities for tailoring 

desired functionalities. Furthermore, there is a broad array of crystalline materials – referred to as 

dynamic molecular crystals – which display switchable characteristics in solid-state.11 Yet the 

widespread applications of these molecular systems are often limited by their inferior charge transport 

characteristics, broad emission peaks, as well as aggregation-caused quenching (ACQ) effects in some 

specific cases. 

Hybrid organic-inorganic crystalline materials present a promising platform to overcome these 

limitations. Among them, halide perovskites offer a combination of optoelectronic characteristics that 

makes them uniquely suited for practical applications of SRMs. Specifically, these semiconductors 

demonstrate long charge-carrier diffusion lengths (over 1 μm),12,13 tunable direct bandgaps (1–3 eV),14 

large optical absorption coefficients (up to 105 cm-1),15 narrow photoluminescence (PL) emission 

peaks,16 and high PL quantum yields (up to near-unity).17 Furthermore, the low formation energies18–20 

and soft crystal nature21,22 of halide perovskites add additional degrees of dynamic structural 

‘switchability’. 

Herein, we overview the stimuli-responsive halide perovskites, their switchable properties, and 

applications. We first outline some essential criteria for switchable systems based on these materials and 

categorize them by their switching mechanisms including their chemical and structural transformations. 
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We then highlight the current applications of stimuli-responsive halide perovskites and provide an 

assessment of the challenges and future outlooks for their development. 

2. Instability and Switching Criteria 

One of the major advantages of halide perovskites over traditional inorganic semiconductors is their 

facile and inexpensive synthesis. Halide perovskites can self-assemble from solution into high-quality 

crystalline phases at relatively low temperatures (below 150ºC) and yet deliver high efficiencies in 

optoelectronic devices.23 The low energy barriers and Gibbs free energies for their crystallization make 

them easy to synthesize but, as a downside, prone to degradation pathways too.19,20 This intrinsic 

instability of halide perovskites is typically seen as an adverse effect that deteriorates their device 

performance and requires remediation. In contrast, this instability can be advantageous for designing 

switchable perovskite systems. 

To be of practical use, a switchable perovskite system should meet some essential conditions. First, the 

system should entail a perovskite phase that upon an external stimulus can reversibly transform into 

another stable (or metastable) state, not necessarily perovskite, which displays some physical properties 

distinct from the parent perovskite (Figure 1 A-C). In the absence of an external stimulus, the system 

should retain one of its states for sufficiently long periods of time. Second, the transformations between 

the states should occur readily at high switching rates, preferably on timescales on the order of seconds 

or minutes, if not shorter. Third, the system should demonstrate excellent durability, maintaining its 

performance over thousands of switching cycles without significant degradation. 
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Figure 1. Stimuli-responsive materials (SRMs). (A-B) SRMs are characterized by at least two stable 

states that can reversibly switch between one another by an external stimulus such as light, temperature, 

electricity, chemical environment, and pressure. In the absence of such stimulus, the system should 

retain only one of its states. (C) The individual states display specific physical properties that contrast to 

those of other states. Switching between the states is typically characterized by a hysteresis plot. (D) 

Switching of optical and electrical properties of SRMs can be useful for applications in smart windows, 

memory devices, data storage, and sensors. 

 

3. Switching Mechanisms 

Below, we discuss in detail the chemical and structural transformations in both three-dimensional (3D) 

and two-dimensional (2D) halide perovskites in response to external stimuli such as chemical 

environment (including humidity), temperature, light, and electric field. We particularly focus on the 

examples from the perspective of the outlined criteria. 

3.1. Chemical transformations 

Hydration. Halide perovskites are highly sensitive to their chemical environment due to the intrinsic 

instability. Moisture is one of the major causes for their degradation. The archetypal MAPbI3 (where 

MA+ is methylammonium, or CH3NH3
+) perovskite irreversibly decomposes into PbI2 when exposed to 

water. However, under controlled humidity conditions, the reaction proceeds reversibly with the 

formation of intermediate hydrates:24,25 
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 MAPbI3 + H2O ⇄ MAPbI3•H2O (1) 

 4 MAPbI3 + 2 H2O ⇄ MA4PbI6•2H2O + 3 PbI2 (2) 

 MAPbI3 + 3 MAI + 2 H2O ⇄ MA4PbI6•2H2O (3) 

MAPbI3 thin films spontaneously transform into MA4PbI6•2H2O at temperatures below 30ºC and 

relative humidity (RH) ≥40%, and recover back by dehydration above 60ºC (Figure 2 A).26–28 The 

switching times for hydration and dehydration reactions vary with RH and temperature, respectively, 

and are on timescales of few minutes.27,29 A similar dynamic equilibrium with completely reversible and 

instantaneous switching for nearly 40 cycles occurs between MAPbBr3 perovskite and its dihydrate, 

MA4PbBr6•2H2O.30 Noteworthy, both hydrates and other non-perovskite phases discussed below are not 

only structurally different from their parent perovskites but also display distinct optical properties.24 

This, as will be demonstrated in the forthcoming sections, is essential for applications in smart 

photovoltaic windows. 

Complexation. Some nitrogen-containing molecules also reversibly react with halide perovskites. For 

instance, perovskite thin films bleach upon exposure to triethylamine (Et3N),31 ammonia (NH3),
32 and 

pyridine (C6H5N)33 vapors but immediately recover when the vapor is removed. Yet, such instability at 

ambient conditions is disadvantageous for on-demand switching, unless the perovskite phase is sealed in 

the atmosphere of a switching gas as demonstrated recently.34  

Namely, MAPbI3 thin film can be sealed in the atmosphere of inert gas containing 2% methylamine 

(CH3NH2) gas.34 This system forms a non-perovskite MAPbI3•xCH3NH2 complex (solid, x ≤ 2) at room 

temperature and dissociates back into initial reactants by solar photothermal heating at >35ºC. 

Importantly, the two phases can reversibly switch between one another for over 20 cycles with transition 

times of less than 3 minutes. 

Interestingly, N,N-dimethylformamide (DMF) – being a good solvent for MAPbI3 – also forms a 

relatively stable MAPbI3•DMF complex which dissociates back above 60ºC.35,36 Meanwhile, non-polar 

solvent such as dichloromethane (CH2Cl2) can induce the reversible transformation of 2D (PEA)2SnBr4 

(where PEA+ is phenethylammonium, or C6H5CH2CH2NH3
+) perovskite into 0D-networked 

[(PEA)6Br2]SnBr6•2CH2Cl2 non-perovskite phase in the presence of excess PEABr (Figure 2 B).37 

Ion exchange. Ion exchange is a widely-used approach for post-synthetic modification of halide 

perovskites. Depending on the exchanged ion, these reactions may either or not preserve the perovskite 

structure. For instance, anion exchange reactions in MAPbX3 and CsPbX3 (where X = Cl-, Br-, I-) 
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perovskite nanocrystals are typically complete yet fully reversible processes that occur on timescales of 

a few seconds without the destruction of perovskite structure (Figure 3 A).38–41 Some cation exchange 

reactions – such as between MAPbX3 and FAPbX3 (where FA+ is formamidinium, or CH(NH2)2
+) – also 

preserve the perovskite structure.42,43 

Meanwhile, other reactions – such as the interconversion between MAPbI3 and NH4PbI3 – are 

accompanied by structural changes in the connectivity of the octahedral network.44 However, we note 

that any system based on ion-exchange reaction generally requires at least two chemical stimuli (one per 

each direction) to switch between the states which makes them impracticable. 

In-situ solid-state reactions. As for chemical transformations without the use of external chemical 

stimuli, a switchable system based on CsPbBr3 perovskite quantum dots (QDs) embedded in a glass 

matrix has recently been proposed.45 The precursor glass containing Cs, Pb, Br, and other elements was 

successively treated by high-power laser irradiation and thermal annealing to induce the crystallization 

of CsPbBr3 QDs at the laser focal point. The QDs decompose into CsBr and PbBr2 under low-power 

laser irradiation and recover back by thermal annealing for at least ten cycles without significant 

degradation of properties. On the other hand, the glass matrix plays a crucial role in protecting the QDs 

from humidity to enable reliable switching even after several months of storing in polar solvents. Later, 

a laser-induced switching strategy was used for CsPbCl3-xBrx (where 0<x<3) perovskite system as 

well.46 

In-situ liquid-phase reactions. Although solid-state switching is usually more preferred for practical 

reasons, halide perovskites can still demonstrate switching behavior in a dissolved state. A 

thermochromic perovskite ink containing the mixture of MABr, PbBr2, MAI, and PbI2 dispersed in 

DMF/γ-butyrolactone shows a reversible color evolution from pale yellow to orange, then further to red 

and black, when gradually heated from 25ºC to 120ºC.47 This is accompanied with the precipitation of 

MAPbI2.7Br0.3, MAPbI2.4Br0.6, and MAPbI1.8Br1.2 perovskites, respectively. Importantly, the initial state 

can be restored back when the ink is cooled down to 25ºC, yet the colored states are stable at room 

temperature up to several hours. 

Intercalation in 2D perovskites. 2D Ruddlesden-Popper (RP) and Dion-Jacobson (DJ) perovskites offer 

a rich platform for post-synthetic chemical modifications with the preservation of their innate 

“perovskite” structure. Namely, the organic interlayers in their structure can intercalate small guest 

molecules, react with them, or undergo other chemical changes (e.g., polymerization) in both reversible 

and irreversible manners.48 
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For instance, 1-chloronaphtalene and 1,2-dichlorobenzene solvent molecules can reversibly intercalate 

into the structure of (C10H21NH3)2CdCl4 perovskite resulting in, respectively, 

(C10H21NH3)2CdCl4•C10H7Cl and (C10H21NH3)2CdCl4•C6H4Cl2 phases with the increased interlayer 

distances.49 However, these compounds are unstable in the absence of solvent medium, likely, due to the 

weak van der Waals interactions between the host and guest molecules. 

Meanwhile, more stable intercalation products can be achieved via covalent bonding. As an example, 

(BEA)2PbBr4 (where BEA+ is butyleneammonium, or CH2=CHC2H4NH3
+) perovskite reversibly reacts 

with I2 forming a relatively stable (BEA-I2)2PbBr4, or (ICH2ICHC2H4NH3)2PbBr4, phase with a half-life 

of 72 hours (Figure 3 B).50 We speculate that sealing these perovskites in an iodine atmosphere could, in 

fact, help stabilize the intercalated states for longer periods of time; while the controlled on-demand 

release of iodine could be realized by heating. 

Dimensionality change. Formamidinium (FA+) forms both 3D and 2D perovskites, including the 

continuum of intermediate phases. This allows the design of switchable systems based on FAn+1PbnX3n+1 

(where n = 1, 2, 3, …∞, X = Br-, I-) perovskites that can reversibly transform across different 

compositions spanning 2D FA2PbX4 (n = 1) to 3D α-FAPbX3 (n = ∞) perovskites and finally to 1D δ-

FAPbX3:
51 

 (n + 1) FAn+1PbnX3n+1 ⇄ n FAn+2Pbn+1X3n+4 + FAX  (4) 

This equilibrium shifts toward higher-n phases by exposing the system to solvent vapors (including 

humidity) and reverses back by mild heating or blowing dry He. The switching is enabled by reversible 

shuttling of FAX between the perovskite domain and the adjacent FAX reservoir. Over 10 cycles of 

reversible switching with transitions on timescales of seconds to minutes can be achieved. 

3.2. Structural transformations 

Phase change. FAPbI3 and CsPbI3 perovskites are thermodynamically stable only at high 

temperatures.52 At ambient conditions, they spontaneously transform into δ-FAPbI3 and δ-CsPbI3 non-

perovskite phases. These processes are facilitated in the presence of moisture. Yet, both materials can be 

kinetically stabilized at room temperature for longer periods of time by various strategies such as 

thermal annealing,53 strain engineering,54 sealing in an inert atmosphere,55 doping,56,57 and 

compositional engineering.58 For example, δ-CsPbI3 phase can be heated above 310ºC and then rapidly 

cooled down to room temperature to result in a kinetically trapped CsPbI3 perovskite (Figure 2 C).55,59,60 
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This metastable phase, if not kept in an inert atmosphere, immediately transforms into a non-perovskite 

phase. 

Meanwhile, CsPbI3-xBrx (where 0<x<3) perovskites show better phase-stability at ambient conditions 

compared to CsPbI3 perovskite, hence, are more suitable for switchable applications.61 For instance, a 

switchable system based on CsPbIBr2 perovskite is kinetically stable at ambient humidity but readily 

converts into a non-perovskite phase upon exposure to moisture (within minutes to hours).62 The reverse 

transformation is achieved by heating above ~150ºC and subsequent cooling. The switching can be 

repeated more than 100 times without any sign of material degradation. It is worth mentioning that the 

phenomenon of phase transition, in this case, is not accompanied by a chemical reaction, thus, 

considered as structural transformation. 

Molecular reorientations. Some halide perovskites undergo first-order phase transitions due to 

rotational and/or conformational changes of their organic cations. Consequently, such perovskites can 

reversibly switch between their two states featuring different symmetries. For example, a metal-free 3D 

perovskite MDABCO-NH4I3 (where MDABCO2+ is N-methyl-N′-diazabicyclo[2.2.2]octonium) 

crystallizes in R3 space group with MDABCO2+-cations oriented along <111> crystallographic 

direction.63 However, as the temperature rises to 448 K, this material transforms into the cubic phase 

featuring P432 space group with freely-rotating MDABCO2+-cations (Figure 3 C). The reverse 

transition occurs at lower temperatures around 390 K, indicating the presence of thermal hysteresis. 

Furthermore, electric field has also been shown to reversibly alter the orientation of organic cations, 

hence, switching the polarity of the material. 

Analogous effects due to cation reorientations have been observed in 2D perovskites as well, such as  

(BZA)2PbCl4 (where BZA+ is benzylammonium), (CHA)2PbBr4 (where CHA+ is 

cyclohexylammonium), (AMP)PbI4 (where AMP2+ is 4-(aminomethyl)piperidinium) (Figure 3 D), and 

others.64–82 Importantly, such cation reorientations may also be accompanied with structural changes of 

the inorganic framework. In particular, copper-based 2D perovskites undergo strong Jahn-Teller 

distortions upon temperature changes.83–86 

Isomerization. Rearrangements of bulky organic cations in 2D perovskites may include not only their 

rotational and conformational reorientations, but also changes in their configurations, as it occurs for 

photo-switchable azobenzene derivatives in (Azo)2PbBr4 (where Azo+ is (C6H5N=NC6H4)O(CH2)nNH3
+, 

n = 2, 4, and 6) perovskites. These compounds show reversible isomerization from (trans-Azo)2PbBr4 to 

(cis-Azo)2PbBr4 and back, induced by UV and visible light irradiations, respectively (Figure 3 F).87 
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Further studies are required to generalize this strategy to other switchable organic spacers and confirm 

the extent of photo-isomerization. 

Ion migration. Ion migration has been a long-discussed phenomenon in halide perovskites,88 claimed to 

impact the long-term operational stability and performance of perovskite devices, as well as contribute 

to their unusual optical and electrical behaviors.89 The generally accepted mechanism of ion migration 

involves the defect-mediated hopping of loosely-bound ions to the nearby vacancies and interstitial sites. 

The energetic barriers for such migration in halide perovskites are typically low,90,91 and can be 

overcome by external stimuli such as temperature, light, and electric field.92 Importantly, the effect of 

ion migration is also reversible. 

As recently demonstrated, poling MAPbI3 perovskite thin film with an electric field of 1 V μm-1 for 

about 100 s can cause the redistribution of ions within the film, pushing the positive (MA+ ions or 

vacancies) and negative (I- ions) species toward the opposite electrodes to form n-doped and p-doped 

regions, respectively.93,94 While the positive poling results in the formation of p-i-n structure, the 

negative poling flips this structure to n-i-p (Figure 3 E). Both states can remain unchanged for two 

months in the absence of an electric field.89 Switching between them can be repeated many times. 

Furthermore, this effect of poling-induced ion migration was observed across different perovskite 

compositions (MAPbBr3, MAPbI3-xClx, and FAPbI3).  

Interestingly, the poling effect can be enhanced by heating or illumination.89,93,95 Meanwhile, the light 

itself has also been shown to cause the migration of ions in mixed-halide MAPbI3-xBrx (where 0<x<3) 

perovskites, resulting in their phase segregation into I-rich and Br-rich domains in less than a minute.96 

Furthermore, this process was found to be reversible and the initial homogenous mixture was 

regenerated back after a few minutes in the dark. As reported, such switching between two states can be 

cycled repeatedly. 

Crystal–glass transition. Rapid crystallization of halide perovskites makes their amorphous phases 

difficult to achieve. Yet, the use of bulky chiral organic cations can inhibit their crystallization enabling 

the glass formation.97 Namely, (S-NEA)2PbBr4 (where S-NEA+ is S-(–)-1-(1-naphthyl)ethylammonium) 

perovskite shows a reversible phase transition between its crystalline and glassy states. The switching 

occurs under a moderate thermal cycle with low glass transition (Tg ≈ 67ºC), crystallization (Tx ≈ 101ºC) 

and melting (Tm ≈ 173ºC) temperatures, offering a lower thermal budget compared to chalcogenide 

glasses.  



 11 

 

Figure 2. Chemical and structural transformations responsible for stimuli-responsive switching of 

halide perovskites: without the preservation of perovskite structure. Reversible chemical 

transformations between (A) MAPbX3 and MA4PbX6•2H2O phases (where X = Br-, I-),26,27 (B) 

(PEA)2SnBr4 and [(PEA)6Br2]SnBr6•2CH2Cl2 phases.37 Reversible phase-change structural 

transformation between (C) perovskite (α-, β-, or γ-) and non-perovskite (δ-) phases of CsPbI3-xBrx 

(where 0<x<3).55,59,60 
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Figure 3. Chemical and structural transformations responsible for stimuli-responsive switching of 

halide perovskites: with the preservation of perovskite structure. Reversible chemical 

transformations between (A) CsPbCl3 and CsPbBr3 perovskites,38,39 (B) (BEA)2PbI4 and (BEA-I2)2PbI4 

perovskites.50 Panel (B) was adapted with permission from ref. 48. Copyright 2017, American Chemical 

Society. Reversible structural transformations due to molecular reorientations of an organic cation in (C) 

MDABCO-NH4I3 perovskite,63 (D) (AMP)PbI4 perovskite;66 due to configurational rearrangements 

involving (E) the effect of ion migration in MAPbI3 perovskite,93,98 (F) cis-trans isomerism of 

(Azo)2PbBr4 perovskite.87 
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4. Applications 

Chemical and structural transformations of halide perovskites are typically accompanied with also 

changes in their physical properties. In this work, switchable absorption, emission, resistance, and 

ferroelectric properties of halide perovskites, and their applications in smart (photovoltaic) windows, 

memory devices, data storage, and encryption are briefly discussed.   

4.1. Smart windows 

Buildings account for approximately 30% of the total energy consumption worldwide.99 A significant 

amount of this energy is leaked due to inefficient architecture of the existing buildings. Smart windows 

– which reversibly tune their transmission properties from transparent to opaque – present a promising 

practical solution to significantly reduce these losses. The state-of-the-art smart windows mostly use 

electrochromic materials, such as WO3 and viologen derivatives, owing to their easy user-controlled 

switching.2 Whereas, other technologies based on thermochromic (e.g., VO2) and photochromic (e.g., 

naphthopyrans) materials are advantageous for their simple installation and operation without external 

power supply.100,101 In this regard, halide perovskites can be employed for thermochromic smart 

windows offering low fabrication and operation costs, as well as wide color tunability. 

MAPbI3 perovskite with a bandgap of 1.55 eV is a good solar absorber, while its dihydrate 

MA4PbI6•2H2O – which has a bandgap of 3.87 eV – is transparent to visible light.24 Such drastic 

difference in the optical properties of two phases has recently been utilized to fabricate a large-area 

(90×90 mm2) thermochromic smart window.27 This device reversibly switched between a dark-colored 

perovskite state and a clear non-perovskite state with, respectively, 36.1% and 89.1% luminous 

transmittance. The relatively low transition temperatures of about 30ºC and 60ºC for discoloration and 

coloration reactions (at ~60% RH) were reported. An improved switching performance was later 

achieved by using MAPbI3-xClx.
29 It has also been shown that the color of the window can be adjusted 

by changing the perovskite composition to MAPbI3-xBrx (where 0<x<3).27 

Thermochromic perovskite inks are another potential candidates for smart window applications (see 

section 3.1 for details).47 These inks also darken with temperature which could be essential to keep the 

interior of buildings cool on hot summer days (Figure 4 A). Furthermore, a wide variety of 

thermochromic perovskite solids have been reported over the years.83–86,102–107  To be employed in smart 

windows, these materials should be able to switch at near-ambient temperatures, as well as display 

thermal hysteresis for potentially on-demand switching. Meanwhile, composite films based on 
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FAn+1PbnX3n+1 (where X = Br-, I-) perovskites and their mixed-halide compositions could offer diverse 

color palettes obtainable upon exposure to humidity (Figure 4 B).51 

 

Figure 4. Visible light transmission in halide perovskites. (A) Schematic illustration of a smart 

window based on thermochromic perovskite that darkens upon heating.27,29,47 (B) Optical photographs of 

composite FAn+1PbnX3n+1 (where X = Br-, I-) films highlighting the diverse colors obtainable upon 

exposure to humidity. Panel (B) was adapted under CC BY 4.0 license from ref. 51. Copyright 2020, 

Springer Nature. (C) Trade-off between power conversion efficiency (PCE) and visible light 

transmittance.108 UV/NIR-selective materials are transparent to visible light but yield low PCEs, while 

efficient solar absorbers (e.g., GaAs, Si) are typically opaque. 

 

4.2. Smart photovoltaic windows 

Smart photovoltaic windows (SPWs) have the dual ability to harvest the solar energy, as well as regulate 

the amount of incoming light into the buildings. Yet, owing to the fundamental tradeoff between the 

absorption (A), reflection (R), and transmission (T) properties of a thin film material (eq. 5),109 achieving 

both high transparency to visible light and efficient solar energy conversion in a single device has 

proven to be challenging (Figure 4 C).  

 A + R + T = 1 (5) 

Nonetheless, perovskite-based SPW-prototypes – that circumvent this fundamental tradeoff with their 

dynamic switchable structure – have recently been demonstrated. One of such SPW-prototypes consists 

of MAPbI3 perovskite thin film sealed in an argon atmosphere with 2% CH3NH2 (Figure 5 A-E).34 

Switching between a solar cell featuring the photoactive perovskite state (MAPbI3) with 3% visible 

transmittance and a transparent window featuring the non-perovskite state (MAPbI3•xCH3NH2) with 

68% visible transmittance was achieved by diffusion of CH3NH2 gas through permeable electrodes on 

timescales of minutes. The champion device showed a power conversion efficiency (PCE) of 11.3% in 

its perovskite state which was, however, dropped by 80% after 20 switching cycles. 
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Meanwhile, another SPW-prototype utilized the reversible phase transition between the photoactive 

perovskite and transparent non-perovskite phases of CsPbIBr2 (Figure 5 F-J).62 This device showed PCE 

of 4.69% vs 0.15% and visible transparency of 35.4% vs 81.7% in its perovskite and non-perovskite 

states, respectively. Over 85% of its peak PCE was retained after 40 switching cycles. However, 

switching between the states involved high-temperature annealing (>100ºC) and was relatively slow 

taking up to several hours. 

The design of existing SPW technologies typically consists of two separate layers of a photo-absorber 

and a switchable material for, respectively, solar energy conversion and regulating the amount of visible 

light transmission.110–112 Thus, the PCEs of such devices do not usually exceed ~10% at reasonable 

transparency levels (Figure 4 C). Whereas, SPWs based on halide perovskites could potentially operate 

both as efficient solar cells (with over 15% PCE), also protecting people from direct sunlight, during 

daytime and as normal windows (with over 80% transparency) at nights. Yet, the device stability over 

long switching cycles remains a critical issue in the reported perovskite-based SPW-prototypes. 

Furthermore, easier and more controllable switching mechanisms, as well as gradual transitions between 

the darkened and the transparent states are required to make these technologies viable. 

 

Figure 5. Smart photovoltaic windows (SPWs) based on thermochromic halide perovskites. (A) 

The SPW-prototype based on reversible switching between the photoactive MAPbI3 perovskite phase 

(colored state) and the transparent MAPbI3•xCH3NH2 non-perovskite phase (bleached state). (B) The 

transmittance spectra of the two states. (C) The I-V characteristics of the colored state. (D) The cycling 
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stability of the short-circuit current. (E) The color evolution during the single switching cycle. Panels 

(A-E) were adapted under CC BY 4.0 license from ref. 34. Copyright 2017, Springer Nature. (F) The 

SPW-prototype based on reversible switching between the photoactive perovskite phase (high-T state) 

and the transparent non-perovskite phase (low-T state) of CsPbIBr2. (G) The transmittance spectra and 

(H) the I-V characteristics of the two states. The cycling stability of (I) the absorbance (at 550 nm) and 

(J) the short-circuit current. Error bars indicate the standard deviation. Panels (F-J) were adapted with 

permission from ref. 62. Copyright 2018, Springer Nature. 

 

4.3. Memory devices  

Resistive switching (RS) memory devices are based on transitions between high-resistance state (HRS) 

and low-resistance state (LRS). Such devices are seen as an emerging technology which could overcome 

the von Neumann bottleneck – that is slow data transfer between memory and processing units in 

conventional computer architectures – by providing in-memory computing.113 Halide perovskites with 

an anomalous current-voltage hysteresis have recently shown great potential for these applications.114–117 

A representative device on Figure 6 (A-D) reversibly switches between HRS and LRS at low set–reset 

voltages (<1 V), and displays non-volatile memory with retention times of 104 s in each state.118 

Furthermore, this device has a switching endurance of over 500 cycles and a storage capacity of over 0.1 

TB/in2. Importantly, in contrast to conventional RS-materials (oxide perovskites and metal oxides), 

halide perovskites can also display light-assisted RS effect,119 whereas their facile fabrication makes 

them suitable for low-cost and flexible RS memories.115  

Interestingly, in addition to resistive switching, the effect of poling-induced polarity switching (PS) has 

recently been observed in solar cells of halide perovskites.93,98 Specifically, the device of 

Au/MAPbI3/PEDOT:PSS/ITO architecture was repeatedly switched between p-i-n or n-i-p 

configurations by applying an external voltage to either the Au side (positive poling) or the ITO side 

(negative poling) of the cell, respectively (Figure 6 E-H). This device endured over 750 switching cycles 

and retained the photocurrent direction even after 1000 hours in the glovebox. 

Notably, both the resistive switching and the polarity switching behaviors of halide perovskites under 

applied bias were attributed to the effect of ion migration in these materials.93,98,115,120 However, under 

such operating conditions, halide perovskites may undergo electrochemical reactions with electrodes, 

which may result in their degradation.121 To prevent this, various strategies – such as compositional 

engineering of the perovskite layer or using protective layers (e.g. ZnO, AlOx) – can be utilized.122–124 

Yet, the long-term operational stability of perovskite-based RS memories still remains significantly 
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inferior to that of the state-of-the-art ones (e.g. based on TaOx with an endurance of >1012 switching 

cycles).125 In this regard, ferroelectric switching could be a more promising approach to realize 

perovskite-based memories (see section 4.5 for details). Meanwhile, phase-change memories based on 

the recently discovered crystal–glass transition in 2D perovskites are yet to be explored.97 

 

Figure 6. Resistive switching (RS) and polarity switching (PS) effects in halide perovskites. (A) The 

device architecture and (B) the I-V characteristics (in dark) of the MAPbI3 perovskite-based RS 

memory. (C) The retention time and (D) the cycling stability of the current in low-resistance and high-

resistance states (LRS and HRS, respectively). Panels (A-D) were adapted under CC BY 4.0 license 

from ref. 118. Copyright 2017, Springer Nature. (E) The mechanism of the electric field-induced PS in 

MAPbI3 perovskite solar cell. (F) The device I-V characteristics (under illumination) upon positive and 

negative poling. (G) The cycling stability of the open-circuit voltage and (H) the retention time of the 

short-circuit current in p-i-n and n-i-p configurations. Panels (E-H) were adapted with permission from 

ref. 93. Copyright 2014, Springer Nature. 

 

4.4. Optical data storage 

Optoelectronic properties of halide perovskites make them suitable for data storage applications. 

Recently, a laser-induced writing approach has been utilized to grow 3-5 nm-sized CsPbBr3 QDs and 

their 3D patterns inside a borosilicate glass matrix (Figure 7 A-C, see also section 3.1 for details).45 The 

as-prepared QDs displayed an intense green PL emission readable under UV-light. Their erasing and 

recovery were achieved by low-power laser irradiation and low-temperature annealing, respectively. 

Later, CsPbCl3-xBrx QDs with blue PL emission have also been demonstrated.46  
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Meanwhile, in a different approach, a photomemory array based on CsPbIBr2 thin film (Figure 7 D-F) 

has been fabricated.126 Each pixel of the array represented an individual device that could be switched 

from a non-perovskite to a perovskite phase of CsPbIBr2 by laser-induced heating and restored back by 

moisture. The read-out of each pixel was achieved by measuring its photocurrent which was found to be 

markedly higher for the perovskite phase. The device endured over 10 switching cycles and each state 

was stable for 7 days at ambient conditions.  

Importantly, switching by using a laser source is achieved remotely. Also, the precision and speed of 

such an approach make it advantageous over other switching strategies. These works demonstrate the 

potential of stimuli-responsive halide perovskites for rewritable and high-density optical data storage 

(e.g., 5D optical disks), data encryption, imaging, and 3D displays applications. 

 

Figure 7. Optical data storage based on laser-induced switching of halide perovskites. (A) Optical 

images (upper) and signal intensity mapping (lower) of a CsPbBr3 quantum dot (QD) array under UV-

light during the processes of laser-induced writing and erasing, and temperature-induced recovery. Scale 

bars, 100 μm. (B) The photoluminescence (PL) spectra of the two states. Scale bars, 3mm. (C) The 

cycling stability of the PL intensity. Panels (A-C) were adapted with permission from ref. 45. Copyright 

2019, Springer Nature. (D) Schematics of laser-induced writing of α-CsPbIBr2 perovskite phase and its 

moisture-induced erasing, resulting in δ-CsPbIBr2 non-perovskite phase. The read-out is achieved by 

measuring the photocurrent. (E) The cycling stability and (F) the retention time of the photocurrent in 

perovskite and non-perovskite states. Panels (D-F) were adapted with permission from ref. 126. 

Copyright 2019, John Wiley and Sons. 
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4.5. Ferroelectric applications 

While the ferroelectric behavior of 3D lead-halide perovskites is still debated, evidence has been 

mounting on its existence in metal-free 3D perovskite structures, as well as in 2D RP and DJ 

perovskites. Below, we briefly discuss the representative works. More comprehensive reviews on the 

topic are provided elsewhere.127–129 

In 2018, a family of metal-free 3D perovskite ferroelectrics with general formula A(NH4)I3 (where A2+ 

is an organic cation) was developed.63 Among these insulating perovskites, MDABCO-NH4I3 has shown 

remarkable ferroelectric characteristics including high Curie temperature (Tc of 448 K) and a 

spontaneous polarization (Ps of 22 μC cm-2) comparable to that of commercial BaTiO3. However, in 

contrast to oxide perovskites where the ferroelectric behavior arises due to the ion displacement, the 

origin of ferroelectricity in these metal-free perovskites was attributed to the reorientation of organic 

cations with non-zero dipole moments between ordered and disordered states. 

An analogous ferroelectric-to-paraelectric transition due to cation disordering was also observed in 2D 

perovskites (Figure 8 A).64–82 Interestingly, in addition to ferroelectric behavior, such 2D perovskites 

also display semiconducting properties which could be useful for next-generation applications. For 

instance, ferroelectric photovoltaic devices would be able to produce anomalous high open-circuit 

voltages and efficient charge separation due to the built-in field of the ferroelectric polarization.67–69 

Recently, self-powered perovskite photodetectors based on this principle have been demonstrated.70–75 

As an example, (EA)4Pb3Cl10 perovskite (where EA+ is ethylammonium, or C2H5NH3
+) semiconductor 

with a bandgap of 3.39 eV showed a spontaneous polarization (Ps of ∼4.5 μC cm-2) oriented along its 

crystallographic c-axis (Figure 8 A-C).71 This enabled the construction of a visible-blind UV-

photodetector which can operate at zero bias, using only the built-in field of the ferroelectric 

polarization. The photocurrent direction can be switched by changing the polarization direction using an 

external electric field. An analogous device based on (BZA)2CsPb2Br7 perovskite achieved remarkable 

108 switching cycles between two polarization states without showing significant fatigue.76 Such a long 

cycling stability is highly essential for memory device applications. 

Meanwhile, the ferroelectric behavior of 2D perovskites has also enabled their applications in polarized-

light and anisotropic X-ray detection.77–79 Furthermore, the recently discovered room-temperature 

Rashba effect in (AMP)PbI4 perovskite ferroelectrics could be essential for electrically switchable spin 

devices (Figure 8 D-F).66,129,130 
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Figure 8. Ferroelectric switching in halide perovskites. (A) The crystal structures of the ferroelectric 

and paraelectric phases of (EA)4Pb3Cl10 perovskite. (B) The polarization–electric field (P–E) hysteresis 

loops. (C) The device J-V characteristics along the crystallographic c-axis in dark and under illumination 

(266 nm). The photocurrent direction flips with the inversion of polarization direction. Panels (A-C) 

were adapted with permission from ref. 71. Copyright 2019, American Chemical Society. (D) The 

device architecture used for ferroelectric characterization of (AMP)PbI4 perovskite. (E) The 

polarization–voltage (P–V) hysteresis loop measured at room temperature. (F) Schematic illustration of 

spin splitting valley. Panels (D-F) were adapted with permission from ref. 66. Copyright 2019, 

American Chemical Society. 

 

4.6. Other applications 

The sensor applications of halide perovskites are discussed in detail elsewhere.131 Here, we briefly note 

that halide perovskites are used to sense various gases and solvents,131 humidity level (RH 10–95%),25 

as well as temperature variations.132 Importantly, in most cases, the initial perovskite phase can be 

regenerated back and used multiple times.  

An adaptive machine vision system based on switchable perovskite photovoltaic sensors has recently 

been demonstrated.133 Such a device can sense and process the image under extreme lighting conditions 

by adapting its photoresponsivity over the wide range of 540–1270%. Non-volatile in-sensor computing 

character of the device allows to achieve an effective image adjustment with a 263% enhanced object 

recognition accuracy. 

As for other applications, 2D halide perovskites have recently been utilized in Li-ion batteries.134 Over 

200 cycles of charging-discharging was achieved by using (EDBE)CuCl4 perovskite (where EDBE2+ is 

2,2′-(ethylenedioxy)bis(ethylammonium), or (CH2OCH2CH2NH3)2
2+) as a cathode material. Although 
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the cycling mechanism was unclear, Li-ions were proposed to reversibly intercalate between the 

inorganic CuCl4-sheets binding with the polyether groups of EDBE-cation. 

5. Conclusions and Future Outlooks 

2D and 3D halide perovskites are emerging as a versatile platform for stimuli-responsive switchable 

materials. Due to their low formation energies, halide perovskites are relatively easy to switch between 

different states by external stimuli such as light, temperature, electric field, and chemical environment. 

This versatility paves the way for a multitude of switchable applications, briefly overviewed in the 

second part of this perspective. Given the outstanding optoelectronic characteristics, we believe that 

stimuli-responsive halide perovskites could be especially promising for applications in smart 

photovoltaic windows, displays, and memory devices. Below, we provide our perspective into the future 

development of these materials. 

5.1. Switching performance 

Improvement of switching characteristics. For practical reasons, a stimuli-responsive perovskite system 

should be able to switch between its states on timescales of seconds (or minutes) and endure thousands 

of switching cycles without degradation. Such performance could be achieved by using: (1) systems that 

switch preserving the perovskite structure, and/or (2) nanostructured perovskites where, due to their 

smaller particle sizes, switching times and structural stress caused by switching are expected to be lower 

than in bulk perovskites.135–137 

On the other hand, a switchable system should also retain any of its states for long periods of time. This 

aspect would particularly be important for non-volatile memory applications of halide perovskites. 

Various kinetic and thermodynamic stabilization approaches – such as doping, thermal treatment, and 

strain engineering – could help improve the stability of individual states. 

Efficient external stimuli. External stimuli should also meet some requirements such as easy control, 

precision, and cost-efficiency. In this regard, switching halide perovskites with a light source, electric, or 

magnetic fields could be advantageous over other external stimuli such as chemical environment, 

pressure, or temperature. 

Autonomous devices. Some applications of SRMs do not necessarily need on-demand switching but 

require adaptability to dynamic environmental conditions and operation without the use of external 
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power supply. Thermochromic windows is an example of such an autonomous device, which can darken 

by the heat of sunlight. 

5.2. New designs of stimuli-responsive halide perovskites 

Switchable 2D perovskites. In literature, the role of an organic cation in 2D and 3D halide perovskites 

have mostly been considered as merely structural. However, as evidenced in this perspective, the optical 

and electrical properties of halide perovskites could strongly vary with the orientation and configuration 

of organic cations. Given the vast library of organic molecules that could be used in 2D halide 

perovskites,138 we expect an extensive development of stimuli-responsive materials on their basis. The 

incorporation of switchable organic cations (e.g., azobenzene and quinone derivatives) could particularly 

be interesting to explore new functionalities and study the structure-property relationships in these 

materials.  

Switchable lead-free perovskites. While the presence of lead in halide perovskites is essential for their 

optoelectronic characteristics,139 the use of lead-free perovskite compositions could be promising for 

other applications such as solid-state batteries and various ferroelectric devices.63,80,134 It is worth noting 

that the discovery of new designs of lead-free perovskites for these diverse switchable applications could 

be accelerated by using machine learning and robot-assisted synthesis approaches. 

5.3. Future applications 

Solid-state ionics. As mentioned previously, ion migration in mixed-halide perovskites, e.g. MAPbI3-

xBrx, results in their reversible phase segregation into different halide-rich domains.96,140 As each halide 

phase has its own color, this reversible effect could be utilized to design perovskite-based e-ink displays. 

Conventional e-ink displays are typically limited to the use of only two colors and have low switching 

rates due to the slow electrophoretic processes,141 whereas halide perovskites could potentially offer 

multicolored displays with relatively faster response. 

Furthermore, the ionic conductivity of halide perovskites could be essential for their energy-storage 

applications including solid-state batteries and supercapacitors. As 2D perovskites have already shown 

their potential in Li-ion batteries,134 we anticipate further research interest in this direction in the 

upcoming years. 

New untapped applications. Halide perovskites that can reversibly switch between their stereoisomeric 

states (e.g., cis- and trans-, R- and S-, etc.) could potentially be exploited as chiroptical switches for 
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circularly polarized light detecting and emitting devices.142,143 An attractive research direction would 

also encompass the use of stimuli-responsive halide perovskites as ferroelectric Rashba semiconductors 

in which the Rashba splitting could reversibly be controlled by an electric field.129,130 Such materials 

would be important for spintronics and quantum computing applications. Meanwhile, the development 

of perovskite-based RS memories and artificial synapses could enable neuromorphic computing for the 

next-generation artificial intelligence (AI).116,144 Finally, given the diverse optoelectronic properties of 

halide perovskites and their dynamic structural switchability, we believe that the applications of 

perovskite-based SRMs will, in the near future, extend far beyond those described herein. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the funding support from King Abdullah University of Science and 

Technology (KAUST) and Natural Sciences and Engineering Research Council (NSERC) of Canada. 

AUTHORS CONTRIBUTION 

A.A.Z. and O.M.B. conceptualized and wrote major parts of the manuscript. A.A.Z., M.I.S, O.F.M., and 

O.M.B. discussed and revised the manuscript. 

DECLARATION OF INTERESTS 

O.M.B is a founder of Quantum Solutions (qdot.inc). O.M.B. and O.F.M. are members of its scientific 

advisory board. 

REFERENCES 

1. Urban, M.W. (2016). Stimuli-Responsive Materials (The Royal Society of Chemistry). 

2. Wang, Y., Runnerstrom, E.L., and Milliron, D.J. (2016). Switchable materials for smart windows. 

Annu. Rev. Chem. Biomol. Eng. 7, 283–304. 

3. Lampert, C.M. (2004). Chromogenic smart materials. Mater. Today 7, 28–35. 

4. Heremans, P., Gelinck, G.H., Müller, R., Baeg, K.-J., Kim, D.-Y., and Noh, Y.-Y. (2011). Polymer 

and organic nonvolatile memory devices. Chem. Mater. 23, 341–358. 

5. Wang, H., Ji, X., Page, Z.A., and Sessler, J.L. (2020). Fluorescent materials-based information 

storage. Mater. Chem. Front. 4, 1024–1039. 

6. Erbas-Cakmak, S., Kolemen, S., Sedgwick, A.C., Gunnlaugsson, T., James, T.D., Yoon, J., and 

Akkaya, E.U. (2018). Molecular logic gates: the past, present and future. Chem. Soc. Rev. 47, 2228–

2248. 



 24 

7. Hu, L., Zhang, Q., Li, X., and Serpe, M.J. (2019). Stimuli-responsive polymers for sensing and 

actuation. Mater. Horiz. 6, 1774–1793. 

8. Irie, M., Fukaminato, T., Matsuda, K., and Kobatake, S. (2014). Photochromism of diarylethene 

molecules and crystals: memories, switches, and actuators. Chem. Rev. 114, 12174–12277. 

9. Moulin, E., Faour, L., Carmona-Vargas, C.C., and Giuseppone, N. (2020). From molecular 

machines to stimuli-responsive materials. Adv. Mater. 32, 1906036. 

10. Feringa, B.L., and Browne, W.R. (2011). Molecular Switches (John Wiley & Sons). 

11. Sato, O. (2016). Dynamic molecular crystals with switchable physical properties. Nat. Chem. 8, 

644–656. 

12. Shi, D., Adinolfi, V., Comin, R., Yuan, M., Alarousu, E., Buin, A., Chen, Y., Hoogland, S., 

Rothenberger, A., Katsiev, K., et al. (2015). Low trap-state density and long carrier diffusion in 

organolead trihalide perovskite single crystals. Science 347, 519–522. 

13. Dong, Q., Fang, Y., Shao, Y., Mulligan, P., Qiu, J., Cao, L., and Huang, J. (2015). Electron-hole 

diffusion lengths > 175 μm in solution-grown CH3NH3PbI3 single crystals. Science 347, 967–970. 

14. Kovalenko, M.V., Protesescu, L., and Bodnarchuk, M.I. (2017). Properties and potential 

optoelectronic applications of lead halide perovskite nanocrystals. Science 358, 745–750. 

15. De Wolf, S., Holovsky, J., Moon, S.-J., Löper, P., Niesen, B., Ledinsky, M., Haug, F.-J., Yum, J.-H., 

and Ballif, C. (2014). Organometallic halide perovskites: sharp optical absorption edge and its 

relation to photovoltaic performance. J. Phys. Chem. Lett. 5, 1035–1039. 

16. Protesescu, L., Yakunin, S., Bodnarchuk, M.I., Krieg, F., Caputo, R., Hendon, C.H., Yang, R.X., 

Walsh, A., and Kovalenko, M.V. (2015). Nanocrystals of cesium lead halide perovskites (CsPbX3, 

X = Cl, Br, and I): novel optoelectronic materials showing bright emission with wide color gamut. 

Nano Lett. 15, 3692–3696. 

17. Dutta, A., Behera, R.K., Pal, P., Baitalik, S., and Pradhan, N. (2019). Near-unity photoluminescence 

quantum efficiency for all CsPbX3 (X=Cl, Br, and I) perovskite nanocrystals: a generic synthesis 

approach. Angew. Chem. Int. Ed. 58, 5552–5556. 

18. Moore, D.T., Sai, H., Tan, K.W., Smilgies, D.-M., Zhang, W., Snaith, H.J., Wiesner, U., and Estroff, 

L.A. (2015). Crystallization kinetics of organic–inorganic trihalide perovskites and the role of the 

lead anion in crystal growth. J. Am. Chem. Soc. 137, 2350–2358. 

19. Nagabhushana, G.P., Shivaramaiah, R., and Navrotsky, A. (2016). Direct calorimetric verification of 

thermodynamic instability of lead halide hybrid perovskites. Proc. Natl. Acad. Sci. U. S. A. 113, 

7717–7721. 

20. Brunetti, B., Cavallo, C., Ciccioli, A., Gigli, G., and Latini, A. (2016). On the thermal and 

thermodynamic (in)stability of methylammonium lead halide perovskites. Sci. Rep. 6, 31896. 

21. Even, J., Carignano, M., and Katan, C. (2016). Molecular disorder and translation/rotation coupling 

in the plastic crystal phase of hybrid perovskites. Nanoscale 8, 6222–6236. 



 25 

22. Fabini, D.H., Hogan, T., Evans, H.A., Stoumpos, C.C., Kanatzidis, M.G., and Seshadri, R. (2016). 

Dielectric and thermodynamic signatures of low-temperature glassy dynamics in the hybrid 

perovskites CH3NH3PbI3 and HC(NH2)2PbI3. J. Phys. Chem. Lett. 7, 376–381. 

23. Manser, J.S., Saidaminov, M.I., Christians, J.A., Bakr, O.M., and Kamat, P.V. (2016). Making and 

breaking of lead halide perovskites. Acc. Chem. Res. 49, 330–338. 

24. 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. (2015). Reversible hydration of 

CH3NH3PbI3 in films, single crystals, and solar cells. Chem. Mater. 27, 3397–3407. 

25. Haque, M.A., Syed, A., Akhtar, F.H., Shevate, R., Singh, S., Peinemann, K.-V., Baran, D., and Wu, 

T. (2019). Giant humidity effect on hybrid halide perovskite microstripes: reversibility and sensing 

mechanism. ACS Appl. Mater. Interfaces 11, 29821–29829. 

26. Halder, A., Choudhury, D., Ghosh, S., Subbiah, A.S., and Sarkar, S.K. (2015). Exploring 

thermochromic behavior of hydrated hybrid perovskites in solar cells. J. Phys. Chem. Lett. 6, 3180–

3184. 

27. Zhang, Y., Tso, C.Y., Iñigo, J.S., Liu, S., Miyazaki, H., Chao, C.Y.H., and Yu, K.M. (2019). 

Perovskite thermochromic smart window: advanced optical properties and low transition 

temperature. Appl. Energy 254, 113690. 

28. Huisman, B.A.H., Palazon, F., and Bolink, H.J. (2021). Zero-dimensional hybrid organic–inorganic 

lead halides and their post-synthesis reversible transformation into three-dimensional perovskites. 

Inorg. Chem. 60, 5212–5216. 

29. Liu, S., Du, Y.W., Tso, C.Y., Lee, H.H., Cheng, R., Feng, S.-P., and Yu, K.M. (2021). Organic 

hybrid perovskite (MAPbI3−xClx) for thermochromic smart window with strong optical regulation 

ability, low transition temperature, and narrow hysteresis width. Adv. Funct. Mater. 31, 2010426. 

30. Sharma, S.K., Phadnis, C., Das, T.K., Kumar, A., Kavaipatti, B., Chowdhury, A., and Yella, A. 

(2019). Reversible dimensionality tuning of hybrid perovskites with humidity: visualization and 

application to stable solar cells. Chem. Mater. 31, 3111–3117. 

31. Kim, S.-H., Kirakosyan, A., Choi, J., and Kim, J.H. (2017). Detection of volatile organic compounds 

(VOCs), aliphatic amines, using highly fluorescent organic-inorganic hybrid perovskite 

nanoparticles. Dyes Pigm. 147, 1–5. 

32. Zhao, Y., and Zhu, K. (2014). Optical bleaching of perovskite (CH3NH3)PbI3 through room-

temperature phase transformation induced by ammonia. Chem. Commun. 50, 1605–1607. 

33. Jain, S.M., Qiu, Z., Häggman, L., Mirmohades, M., Johansson, M.B., Edvinsson, T., and Boschloo, 

G. (2016). Frustrated Lewis pair-mediated recrystallization of CH3NH3PbI3 for improved 

optoelectronic quality and high voltage planar perovskite solar cells. Energy Environ. Sci. 9, 3770–

3782. 

34. Wheeler, L.M., Moore, D.T., Ihly, R., Stanton, N.J., Miller, E.M., Tenent, R.C., Blackburn, J.L., and 

Neale, N.R. (2017). Switchable photovoltaic windows enabled by reversible photothermal complex 

dissociation from methylammonium lead iodide. Nat. Commun. 8, 1722. 



 26 

35. Guo, Y., Shoyama, K., Sato, W., Matsuo, Y., Inoue, K., Harano, K., Liu, C., Tanaka, H., and 

Nakamura, E. (2015). Chemical pathways connecting lead(II) iodide and perovskite via polymeric 

plumbate(II) fiber. J. Am. Chem. Soc. 137, 15907–15914. 

36. Hao, F., Stoumpos, C.C., Liu, Z., Chang, R.P.H., and Kanatzidis, M.G. (2014). Controllable 

perovskite crystallization at a gas–solid interface for hole conductor-free solar cells with steady 

power conversion efficiency over 10%. J. Am. Chem. Soc. 136, 16411–16419. 

37. Xu, L.-J., Lin, H., Lee, S., Zhou, C., Worku, M., Chaaban, M., He, Q., Plaviak, A., Lin, X., Chen, 

B., et al. (2020). 0D and 2D: the cases of phenylethylammonium tin bromide hybrids. Chem. Mater. 

32, 4692–4698. 

38. Nedelcu, G., Protesescu, L., Yakunin, S., Bodnarchuk, M.I., Grotevent, M.J., and Kovalenko, M.V. 

(2015). Fast anion-exchange in highly luminescent nanocrystals of cesium lead halide perovskites 

(CsPbX3, X = Cl, Br, I). Nano Lett. 15, 5635–5640. 

39. Akkerman, Q.A., D’Innocenzo, V., Accornero, S., Scarpellini, A., Petrozza, A., Prato, M., and 

Manna, L. (2015). Tuning the optical properties of cesium lead halide perovskite nanocrystals by 

anion exchange reactions. J. Am. Chem. Soc. 137, 10276–10281. 

40. Jang, D.M., Park, K., Kim, D.H., Park, J., Shojaei, F., Kang, H.S., Ahn, J.-P., Lee, J.W., and Song, 

J.K. (2015). Reversible halide exchange reaction of organometal trihalide perovskite colloidal 

nanocrystals for full-range band gap tuning. Nano Lett. 15, 5191–5199. 

41. Yoon, Y.J., Lee, K.T., Lee, T.K., Kim, S.H., Shin, Y.S., Walker, B., Park, S.Y., Heo, J., Lee, J., 

Kwak, S.K., et al. (2018). Reversible, full-color luminescence by post-treatment of perovskite 

nanocrystals. Joule 2, 2105–2116. 

42. Eperon, G.E., Beck, C.E., and Snaith, H.J. (2016). Cation exchange for thin film lead iodide 

perovskite interconversion. Mater. Horiz. 3, 63–71. 

43. Zhou, Y., Yang, M., Pang, S., Zhu, K., and Padture, N.P. (2016). Exceptional morphology-

preserving evolution of formamidinium lead triiodide perovskite thin films via organic-cation 

displacement. J. Am. Chem. Soc. 138, 5535–5538. 

44. Huang, W., Manser, J.S., Sadhu, S., Kamat, P.V., and Ptasinska, S. (2016). Direct observation of 

reversible transformation of CH3NH3PbI3 and NH4PbI3 induced by polar gaseous molecules. J. Phys. 

Chem. Lett. 7, 5068–5073. 

45. Huang, X., Guo, Q., Yang, D., Xiao, X., Liu, X., Xia, Z., Fan, F., Qiu, J., and Dong, G. (2020). 

Reversible 3D laser printing of perovskite quantum dots inside a transparent medium. Nat. Photon. 

14, 82–88. 

46. Huang, X., Guo, Q., Kang, S., Ouyang, T., Chen, Q., Liu, X., Xia, Z., Yang, Z., Zhang, Q., Qiu, J., 

et al. (2020). Three-dimensional laser-assisted patterning of blue-emissive metal halide perovskite 

nanocrystals inside a glass with switchable photoluminescence. ACS Nano 14, 3150–3158. 

47. De Bastiani, M., Saidaminov, M.I., Dursun, I., Sinatra, L., Peng, W., Buttner, U., Mohammed, O.F., 

and Bakr, O.M. (2017). Thermochromic perovskite inks for reversible smart window applications. 

Chem. Mater. 29, 3367–3370. 



 27 

48. Smith, I.C., Smith, M.D., Jaffe, A., Lin, Y., and Karunadasa, H.I. (2017). Between the sheets: 

postsynthetic transformations in hybrid perovskites. Chem. Mater. 29, 1868–1884. 

49. Dolzhenko, Y.I., Inabe, T., and Maruyama, Y. (1986). In situ x-ray observation on the intercalation 

of weak interaction molecules into perovskite-type layered crystals (C9H19NH3)2PbI4 and 

(C10H21NH3)2CdCl4. Bull. Chem. Soc. Jpn. 59, 563–567. 

50. Solis-Ibarra, D., and Karunadasa, H.I. (2014). Reversible and irreversible chemisorption in 

nonporous-crystalline hybrids. Angew. Chem. Int. Ed. 53, 1039–1042. 

51. Rosales, B.A., Mundt, L.E., Allen, T.G., Moore, D.T., Prince, K.J., Wolden, C.A., Rumbles, G., 

Schelhas, L.T., and Wheeler, L.M. (2020). Reversible multicolor chromism in layered 

formamidinium metal halide perovskites. Nat. Commun. 11, 5234. 

52. Masi, S., Gualdrón-Reyes, A.F., and Mora-Seró, I. (2020). Stabilization of black perovskite phase in 

FAPbI3 and CsPbI3. ACS Energy Lett. 5, 1974–1985. 

53. Zhumekenov, A.A., Saidaminov, M.I., Haque, M.A., Alarousu, E., Sarmah, S.P., Murali, B., 

Dursun, I., Miao, X.-H., Abdelhady, A.L., Wu, T., et al. (2016). Formamidinium lead halide 

perovskite crystals with unprecedented long carrier dynamics and diffusion length. ACS Energy 

Lett. 1, 32–37. 

54. Steele, J.A., Jin, H., Dovgaliuk, I., Berger, R.F., Braeckevelt, T., Yuan, H., Martin, C., Solano, E., 

Lejaeghere, K., Rogge, S.M.J., et al. (2019). Thermal unequilibrium of strained black CsPbI3 thin 

films. Science 365, 679–684. 

55. Straus, D.B., Guo, S., and Cava, R.J. (2019). Kinetically stable single crystals of perovskite-phase 

CsPbI3. J. Am. Chem. Soc. 141, 11435–11439. 

56. Alanazi, A.Q., Kubicki, D.J., Prochowicz, D., Alharbi, E.A., Bouduban, M.E.F., Jahanbakhshi, F., 

Mladenović, M., Milić, J.V., Giordano, F., Ren, D., et al. (2019). Atomic-level microstructure of 

efficient formamidinium-based perovskite solar cells stabilized by 5-ammonium valeric acid iodide 

revealed by multinuclear and two-dimensional solid-state NMR. J. Am. Chem. Soc. 141, 17659–

17669. 

57. Liu, M., Chen, Y., Tan, C.-S., Quintero-Bermudez, R., Proppe, A.H., Munir, R., Tan, H., Voznyy, 

O., Scheffel, B., Walters, G., et al. (2019). Lattice anchoring stabilizes solution-processed 

semiconductors. Nature 570, 96–101. 

58. Beal, R.E., Slotcavage, D.J., Leijtens, T., Bowring, A.R., Belisle, R.A., Nguyen, W.H., Burkhard, 

G.F., Hoke, E.T., and McGehee, M.D. (2016). Cesium lead halide perovskites with improved 

stability for tandem solar cells. J. Phys. Chem. Lett. 7, 746–751. 

59. Sutton, R.J., Filip, M.R., Haghighirad, A.A., Sakai, N., Wenger, B., Giustino, F., and Snaith, H.J. 

(2018). Cubic or orthorhombic? Revealing the crystal structure of metastable black-phase CsPbI3 by 

theory and experiment. ACS Energy Lett. 3, 1787–1794. 

60. Dastidar, S., Hawley, C.J., Dillon, A.D., Gutierrez-Perez, A.D., Spanier, J.E., and Fafarman, A.T. 

(2017). Quantitative phase-change thermodynamics and metastability of perovskite-phase cesium 

lead iodide. J. Phys. Chem. Lett. 8, 1278–1282. 



 28 

61. Steele, J.A., Lai, M., Zhang, Y., Lin, Z., Hofkens, J., Roeffaers, M.B.J., and Yang, P. (2020). Phase 

transitions and anion exchange in all-inorganic halide perovskites. Acc. Mater. Res. 1, 3–15. 

62. Lin, J., Lai, M., Dou, L., Kley, C.S., Chen, H., Peng, F., Sun, J., Lu, D., Hawks, S.A., Xie, C., et al. 

(2018). Thermochromic halide perovskite solar cells. Nat. Mater. 17, 261–267. 

63. Ye, H.-Y., Tang, Y.-Y., Li, P.-F., Liao, W.-Q., Gao, J.-X., Hua, X.-N., Cai, H., Shi, P.-P., You, Y.-

M., and Xiong, R.-G. (2018). Metal-free three-dimensional perovskite ferroelectrics. Science 361, 

151–155. 

64. Liao, W.-Q., Zhang, Y., Hu, C.-L., Mao, J.-G., Ye, H.-Y., Li, P.-F., Huang, S.D., and Xiong, R.-G. 

(2015). A lead-halide perovskite molecular ferroelectric semiconductor. Nat. Commun. 6, 7338. 

65. Ye, H.-Y., Liao, W.-Q., Hu, C.-L., Zhang, Y., You, Y.-M., Mao, J.-G., Li, P.-F., and Xiong, R.-G. 

(2016). Bandgap engineering of lead-halide perovskite-type ferroelectrics. Adv. Mater. 28, 2579–

2586. 

66. Park, I.-H., Zhang, Q., Kwon, K.C., Zhu, Z., Yu, W., Leng, K., Giovanni, D., Choi, H.S., 

Abdelwahab, I., Xu, Q.-H., et al. (2019). Ferroelectricity and Rashba effect in a two-dimensional 

Dion-Jacobson hybrid organic–inorganic perovskite. J. Am. Chem. Soc. 141, 15972–15976. 

67. Sun, Z., Liu, X., Khan, T., Ji, C., Asghar, M.A., Zhao, S., Li, L., Hong, M., and Luo, J. (2016). A 

photoferroelectric perovskite-type organometallic halide with exceptional anisotropy of bulk 

photovoltaic effects. Angew. Chem. Int. Ed. 55, 6545–6550. 

68. Wang, S., Liu, X., Li, L., Ji, C., Sun, Z., Wu, Z., Hong, M., and Luo, J. (2019). An unprecedented 

biaxial trilayered hybrid perovskite ferroelectric with directionally tunable photovoltaic effects. J. 

Am. Chem. Soc. 141, 7693–7697. 

69. Sha, T.-T., Xiong, Y.-A., Pan, Q., Chen, X.-G., Song, X.-J., Yao, J., Miao, S.-R., Jing, Z.-Y., Feng, 

Z.-J., You, Y.-M., et al. (2019). Fluorinated 2D lead iodide perovskite ferroelectrics. Adv. Mater. 

31, 1901843. 

70. Liu, X., Wang, S., Long, P., Li, L., Peng, Y., Xu, Z., Han, S., Sun, Z., Hong, M., and Luo, J. (2019). 

Polarization-driven self-powered photodetection in a single-phase biaxial hybrid perovskite 

ferroelectric. Angew. Chem. Int. Ed. 58, 14504–14508. 

71. Wang, S., Li, L., Weng, W., Ji, C., Liu, X., Sun, Z., Lin, W., Hong, M., and Luo, J. (2020). 

Trilayered lead chloride perovskite ferroelectric affording self-powered visible-blind ultraviolet 

photodetection with large zero-bias photocurrent. J. Am. Chem. Soc. 142, 55–59. 

72. Ji, C., Dey, D., Peng, Y., Liu, X., Li, L., and Luo, J. (2020). Ferroelectricity-driven self-powered 

ultraviolet photodetection with strong polarization sensitivity in a two-dimensional halide hybrid 

perovskite. Angew. Chem. Int. Ed. 59, 18933–18937. 

73. Park, I.-H., Kwon, K.C., Zhu, Z., Wu, X., Li, R., Xu, Q.-H., and Loh, K.P. (2020). Self-powered 

photodetector using two-dimensional ferroelectric Dion–Jacobson hybrid perovskites. J. Am. Chem. 

Soc. 142, 18592–18598. 

74. Han, S., Li, M., Liu, Y., Guo, W., Hong, M.-C., Sun, Z., and Luo, J. (2021). Tailoring of a visible-

light-absorbing biaxial ferroelectric towards broadband self-driven photodetection. Nat. Commun. 

12, 284. 



 29 

75. Ma, Y., Wang, J., Liu, Y., Han, S., Li, Y., Xu, Z., Guo, W., Luo, J., Hong, M., and Sun, Z. (2021). 

High performance self-powered photodetection with a low detection limit based on a two-

dimensional organometallic perovskite ferroelectric. J. Mater. Chem. C 9, 881–887. 

76. Yao, Y., Peng, Y., Li, L., Zhang, X., Liu, X., Hong, M., and Luo, J. (2021). Exploring a fatigue-free 

layered hybrid perovskite ferroelectric for photovoltaic non-volatile memories. Angew. Chem. Int. 

Ed. 60, 10598–10602. 

77. Li, L., Liu, X., Li, Y., Xu, Z., Wu, Z., Han, S., Tao, K., Hong, M., Luo, J., and Sun, Z. (2019). Two-

dimensional hybrid perovskite-type ferroelectric for highly polarization-sensitive shortwave 

photodetection. J. Am. Chem. Soc. 141, 2623–2629. 

78. Peng, Y., Liu, X., Sun, Z., Ji, C., Li, L., Wu, Z., Wang, S., Yao, Y., Hong, M., and Luo, J. (2020). 

Exploiting the bulk photovoltaic effect in a 2D trilayered hybrid ferroelectric for highly sensitive 

polarized light detection. Angew. Chem. Int. Ed. 59, 3933–3937. 

79. Ji, C., Wang, S., Wang, Y., Chen, H., Li, L., Sun, Z., Sui, Y., Wang, S., and Luo, J. (2020). 2D 

hybrid perovskite ferroelectric enables highly sensitive X-ray detection with low driving voltage. 

Adv. Funct. Mater. 30, 1905529. 

80. Zhang, W., Hong, M., and Luo, J. (2020). Halide double perovskite ferroelectrics. Angew. Chem. 

Int. Ed. 59, 9305–9308. 

81. Shi, P.-P., Lu, S.-Q., Song, X.-J., Chen, X.-G., Liao, W.-Q., Li, P.-F., Tang, Y.-Y., and Xiong, R.-G. 

(2019). Two-dimensional organic–inorganic perovskite ferroelectric semiconductors with 

fluorinated aromatic spacers. J. Am. Chem. Soc. 141, 18334–18340. 

82. Zhang, H.-Y., Zhang, Z.-X., Song, X.-J., Chen, X.-G., and Xiong, R.-G. (2020). Two-dimensional 

hybrid perovskite ferroelectric induced by perfluorinated substitution. J. Am. Chem. Soc. 142, 

20208–20215. 

83. Willett, R.D., Haugen, J.A., Lebsack, J., and Morrey, J. (1974). Thermochromism in copper(II) 

chlorides.  Coordination geometry changes in tetrachlorocuprate(2-)anions. Inorg. Chem. 13, 2510–

2513. 

84. Mostafa, M.F., Abdel-Kader, M.M., Arafat, S.S., and Kandeel, E.M. (1991). Thermochromic phase 

transitions in two aromatic tetrachlorocuprates. Phys. Scr. 43, 627–629. 

85. Caretta, A., Miranti, R., Arkenbout, A.H., Polyakov, A.O., Meetsma, A., Hidayat, R., Tjia, M.O., 

Palstra, T.T.M., and Loosdrecht, P.H.M. van (2013). Thermochromic effects in a Jahn–Teller active 

CuCl6
4- layered hybrid system. J. Phys.: Condens. Matter 25, 505901. 

86. Huang, C.-R., Luo, X., Chen, X.-G., Song, X.-J., Zhang, Z.-X., and Xiong, R.-G. (2021). A 

multiaxial lead-free two-dimensional organic-inorganic perovskite ferroelectric. Natl. Sci. Rev. 8, 

nwaa232. 

87. Sasai, R., and Shinomura, H. (2013). Preparation and optical characteristics of layered perovskite-

type lead-bromide-incorporated azobenzene chromophores. J. Solid State Chem. 198, 452–458. 

87. Mizusaki, J., Arai, K., and Fueki, K. (1983). Ionic conduction of the perovskite-type halides. Solid 

State Ion. 11, 203–211. 



 30 

89. Yuan, Y., and Huang, J. (2016). Ion migration in organometal trihalide perovskite and its impact on 

photovoltaic efficiency and stability. Acc. Chem. Res. 49, 286–293. 

90. Eames, C., Frost, J.M., Barnes, P.R.F., O’Regan, B.C., Walsh, A., and Islam, M.S. (2015). Ionic 

transport in hybrid lead iodide perovskite solar cells. Nat. Commun. 6, 7497. 

91. Futscher, M.H., Lee, J.M., McGovern, L., Muscarella, L.A., Wang, T., Haider, M.I., Fakharuddin, 

A., Schmidt-Mende, L., and Ehrler, B. (2019). Quantification of ion migration in CH3NH3PbI3 

perovskite solar cells by transient capacitance measurements. Mater. Horiz. 6, 1497–1503. 

92. Lee, J.-W., Kim, S.-G., Yang, J.-M., Yang, Y., and Park, N.-G. (2019). Verification and mitigation 

of ion migration in perovskite solar cells. APL Mater. 7, 041111. 

93. Xiao, Z., Yuan, Y., Shao, Y., Wang, Q., Dong, Q., Bi, C., Sharma, P., Gruverman, A., and Huang, J. 

(2015). Giant switchable photovoltaic effect in organometal trihalide perovskite devices. Nat. Mater. 

14, 193–198. 

94. Yuan, Y., Chae, J., Shao, Y., Wang, Q., Xiao, Z., Centrone, A., and Huang, J. (2015). Photovoltaic 

switching mechanism in lateral structure hybrid perovskite solar cells. Adv. Energy Mater. 5, 

1500615. 

95. Deng, Y., Xiao, Z., and Huang, J. (2015). Light-induced self-poling effect on organometal trihalide 

perovskite solar cells for increased device efficiency and stability. Adv. Energy Mater. 5, 1500721. 

96. Hoke, E.T., Slotcavage, D.J., Dohner, E.R., Bowring, A.R., Karunadasa, H.I., and McGehee, M.D. 

(2015). Reversible photo-induced trap formation in mixed-halide hybrid perovskites for 

photovoltaics. Chem. Sci. 6, 613–617. 

97. Singh, A., Jana, M.K., and Mitzi, D.B. (2021). Reversible crystal–glass transition in a metal halide 

perovskite. Adv. Mater. 33, 2005868. 

98. Zhao, Y., Liang, C., Zhang, H., Li, D., Tian, D., Li, G., Jing, X., Zhang, W., Xiao, W., Liu, Q., et al. 

(2015). Anomalously large interface charge in polarity-switchable photovoltaic devices: an 

indication of mobile ions in organic–inorganic halide perovskites. Energy Environ. Sci. 8, 1256–

1260. 

99. International Energy Agency and the United Nations Environment Programme (2018). 2018 Global 

Status Report: Towards a Zero-emission, Efficient and Resilient Buildings and Construction Sector. 

100. Cui, Y., Ke, Y., Liu, C., Chen, Z., Wang, N., Zhang, L., Zhou, Y., Wang, S., Gao, Y., and Long, 

Y. (2018). Thermochromic VO2 for energy-efficient smart windows. Joule 2, 1707–1746. 

101. Ke, Y., Chen, J., Lin, G., Wang, S., Zhou, Y., Yin, J., Lee, P.S., and Long, Y. (2019). Smart 

windows: electro-, thermo-, mechano-, photochromics, and beyond. Adv. Energy Mater. 9, 1902066. 

102. Billing, D.G., and Lemmerer, A. (2007). Synthesis, characterization and phase transitions in the 

inorganic-organic layered perovskite-type hybrids [(CnH2n+1NH3)2PbI4], n = 4, 5 and 6. Acta 

Crystallogr. B 63, 735–747. 

103. Billing, D.G., and Lemmerer, A. (2008). Synthesis, characterization and phase transitions of the 

inorganic–organic layered perovskite-type hybrids [(CnH2n+1NH3)2PbI4] (n = 12, 14, 16 and 18). 

New J. Chem. 32, 1736–1746. 



 31 

104. Lemmerer, A., and Billing, D.G. (2012). Synthesis, characterization and phase transitions of the 

inorganic–organic layered perovskite-type hybrids [(CnH2n+1NH3)2PbI4], n = 7, 8, 9 and 10. Dalton 

Trans. 41, 1146–1157. 

105. Jaffe, A., Lin, Y., Mao, W.L., and Karunadasa, H.I. (2015). Pressure-induced conductivity and 

yellow-to-black piezochromism in a layered Cu–Cl hybrid perovskite. J. Am. Chem. Soc. 137, 

1673–1678. 

106. Li, J., Liu, X., Cui, P., Li, J., Ye, T., Wang, X., Zhang, C., and Zhao, Y.S. (2019). Lead-free 

thermochromic perovskites with tunable transition temperatures for smart window applications. Sci. 

China Chem. 62, 1257–1262. 

107. Sun, B., Liu, X.-F., Li, X.-Y., Cao, Y., Yan, Z., Fu, L., Tang, N., Wang, Q., Shao, X., Yang, D., 

et al. (2020). Reversible thermochromism and strong ferromagnetism in two-dimensional hybrid 

perovskites. Angew. Chem. Int. Ed. 59, 203–208. 

108. Traverse, C.J., Pandey, R., Barr, M.C., and Lunt, R.R. (2017). Emergence of highly transparent 

photovoltaics for distributed applications. Nat. Energy 2, 849–860. 

109. Buckley, R.G., and Beaglehole, D. (1977). Absorptance of thin films. Appl. Opt. 16, 2495–2499. 

110. Davy, N.C., Sezen-Edmonds, M., Gao, J., Lin, X., Liu, A., Yao, N., Kahn, A., and Loo, Y.-L. 

(2017). Pairing of near-ultraviolet solar cells with electrochromic windows for smart management of 

the solar spectrum. Nat. Energy 2, 1–11. 

111. Cannavale, A., Manca, M., Malara, F., Marco, L.D., Cingolani, R., and Gigli, G. (2011). Highly 

efficient smart photovoltachromic devices with tailored electrolyte composition. Energy Environ. 

Sci. 4, 2567–2574. 

112. Guo, F., Chen, S., Chen, Z., Luo, H., Gao, Y., Przybilla, T., Spiecker, E., Osvet, A., Forberich, 

K., and Brabec, C.J. (2015). Printed smart photovoltaic window integrated with an energy-saving 

thermochromic layer. Adv. Opt. Mater. 3, 1524–1529. 

113. Ielmini, D., and Wong, H.-S.P. (2018). In-memory computing with resistive switching devices. 

Nat. Electron. 1, 333–343. 

114. Yoo, E.J., Lyu, M., Yun, J.-H., Kang, C.J., Choi, Y.J., and Wang, L. (2015). Resistive switching 

behavior in organic–inorganic hybrid CH3NH3PbI3−xClx perovskite for resistive random access 

memory devices. Adv. Mater. 27, 6170–6175. 

115. Gu, C., and Lee, J.-S. (2016). Flexible hybrid organic–inorganic perovskite memory. ACS Nano 

10, 5413–5418. 

116. Li, B., Hui, W., Ran, X., Xia, Y., Xia, F., Chao, L., Chen, Y., and Huang, W. (2019). Metal 

halide perovskites for resistive switching memory devices and artificial synapses. J. Mater. Chem. C 

7, 7476–7493. 

117. Xiao, X., Hu, J., Tang, S., Yan, K., Gao, B., Chen, H., and Zou, D. (2020). Recent advances in 

halide perovskite memristors: materials, structures, mechanisms, and applications. Adv. Mater. 

Technol. 5, 1900914. 



 32 

118. Heo, J.H., Shin, D.H., Moon, S.H., Lee, M.H., Kim, D.H., Oh, S.H., Jo, W., and Im, S.H. (2017). 

Memory effect behavior with respect to the crystal grain size in the organic-inorganic hybrid 

perovskite nonvolatile resistive random access memory. Sci. Rep. 7, 16586. 

119. Zhou, F., Liu, Y., Shen, X., Wang, M., Yuan, F., and Chai, Y. (2018). Low-voltage, 

optoelectronic CH3NH3PbI3−xClx memory with integrated sensing and logic operations. Adv. Funct. 

Mater. 28, 1800080. 

120. Kim, D.J., Tak, Y.J., Kim, W.-G., Kim, J.K., Kim, J.H., and Kim, H.J. (2017). Resistive 

switching properties through iodine migrations of a hybrid perovskite insulating layer. Adv. Mater. 

Interfaces 4, 1601035. 

121. Kerner, R.A., Schulz, P., Christians, J.A., Dunfield, S.P., Dou, B., Zhao, L., Teeter, G., Berry, 

J.J., and Rand, B.P. (2019). Reactions at noble metal contacts with methylammonium lead triiodide 

perovskites: role of underpotential deposition and electrochemistry. APL Mater. 7, 041103. 

122. Hwang, B., and Lee, J.-S. (2017). Hybrid organic-inorganic perovskite memory with long-term 

stability in air. Sci Rep 7, 673. 

123. Kim, S.-Y., Yang, J.-M., Choi, E.-S., and Park, N.-G. (2020). Layered (C6H5CH2NH3)2CuBr4 

perovskite for multilevel storage resistive switching memory. Adv. Funct. Mater. 30, 2002653. 

124. Wu, Y., Wei, Y., Huang, Y., Cao, F., Yu, D., Li, X., and Zeng, H. (2017). Capping CsPbBr3 with 

ZnO to improve performance and stability of perovskite memristors. Nano Res. 10, 1584–1594. 

125. Lee, M.-J., Lee, C.B., Lee, D., Lee, S.R., Chang, M., Hur, J.H., Kim, Y.-B., Kim, C.-J., Seo, 

D.H., Seo, S., et al. (2011). A fast, high-endurance and scalable non-volatile memory device made 

from asymmetric Ta2O5−x/TaO2−x bilayer structures. Nat. Mater. 10, 625–630. 

126. Zou, C., Zheng, J., Chang, C., Majumdar, A., and Lin, L.Y. (2019). Nonvolatile rewritable 

photomemory arrays based on reversible phase-change perovskite for optical information storage. 

Adv. Opt. Mater. 7, 1900558. 

127. Shahrokhi, S., Gao, W., Wang, Y., Anandan, P.R., Rahaman, M.Z., Singh, S., Wang, D., 

Cazorla, C., Yuan, G., Liu, J.-M., et al. (2020). Emergence of ferroelectricity in halide perovskites. 

Small Methods 4, 2000149. 

128. Hou, Y., Wu, C., Yang, D., Ye, T., Honavar, V.G., van Duin, A.C.T., Wang, K., and Priya, S. 

(2020). Two-dimensional hybrid organic–inorganic perovskites as emergent ferroelectric materials. 

J. Appl. Phys. 128, 060906. 

129. Leng, K., Li, R., Lau, S.P., and Loh, K.P. (2021). Ferroelectricity and Rashba effect in 2D 

organic–inorganic hybrid perovskites. Trends Chem. DOI: 10.1016/j.trechm.2021.05.003 

130. Kim, M., Im, J., Freeman, A.J., Ihm, J., and Jin, H. (2014). Switchable S = 1/2 and J = 1/2 

Rashba bands in ferroelectric halide perovskites. Proc. Natl. Acad. Sci. U. S. A. 111, 6900–6904. 

131. Zhu, Z., Sun, Q., Zhang, Z., Dai, J., Xing, G., Li, S., Huang, X., and Huang, W. (2018). Metal 

halide perovskites: stability and sensing-ability. J. Mater. Chem. C 6, 10121–10137. 



 33 

132. Niu, Y., Zhang, F., Bai, Z., Dong, Y., Yang, J., Liu, R., Zou, B., Li, J., and Zhong, H. (2015). 

Aggregation-induced emission features of organometal halide perovskites and their fluorescence 

probe applications. Adv. Opt. Mater. 3, 112–119. 

133. Chen, Q., Zhang, Y., Liu, S., Han, T., Chen, X., Xu, Y., Meng, Z., Zhang, G., Zheng, X., Zhao, 

J., et al. (2020). Switchable perovskite photovoltaic sensors for bioinspired adaptive machine vision. 

Adv. Intell. Syst. 2, 2000122. 

134. Jaffe, A., and Karunadasa, H.I. (2014). Lithium cycling in a self-assembled copper chloride–

polyether hybrid electrode. Inorg. Chem. 53, 6494–6496. 

135. Koscher, B.A., Bronstein, N.D., Olshansky, J.H., Bekenstein, Y., and Alivisatos, A.P. (2016). 

Surface- vs diffusion-limited mechanisms of anion exchange in CsPbBr3 nanocrystal cubes revealed 

through kinetic studies. J. Am. Chem. Soc. 138, 12065–12068. 

136. Zhang, Y., Lu, D., Gao, M., Lai, M., Lin, J., Lei, T., Lin, Z., Quan, L.N., and Yang, P. (2019). 

Quantitative imaging of anion exchange kinetics in halide perovskites. Proc. Natl. Acad. Sci. U.S. A. 

116, 12648–12653. 

137. Lee, K.J., Turedi, B., Giugni, A., Lintangpradipto, M.N., Zhumekenov, A.A., Alsalloum, A.Y., 

Min, J.-H., Dursun, I., Naphade, R., Mitra, S., et al. (2021) Domain-size-dependent residual stress 

governs the phase-transition and photoluminescence behavior of methylammonium lead iodide. 

Adv. Funct. Mater. 31, 2008088. 

138. Mao, L., Stoumpos, C.C., and Kanatzidis, M.G. (2019). Two-dimensional hybrid halide 

perovskites: principles and promises. J. Am. Chem. Soc. 141, 1171–1190. 

139. Xiao, Z., Song, Z., and Yan, Y. (2019). From lead halide perovskites to lead-free metal halide 

perovskites and perovskite derivatives. Adv. Mater. 31, 1803792. 

140. Brennan, M.C., Draguta, S., Kamat, P.V., and Kuno, M. (2018). Light-induced anion phase 

segregation in mixed halide perovskites. ACS Energy Lett. 3, 204–213. 

141. Comiskey, B., Albert, J.D., Yoshizawa, H., and Jacobson, J. (1998). An electrophoretic ink for 

all-printed reflective electronic displays. Nature 394, 253–255. 

142. Long, G., Sabatini, R., Saidaminov, M.I., Lakhwani, G., Rasmita, A., Liu, X., Sargent, E.H., and 

Gao, W. (2020). Chiral-perovskite optoelectronics. Nat. Rev. Mater. 5, 423–439. 

143. Dang, Y., Liu, X., Cao, B., and Tao, X. (2021). Chiral halide perovskite crystals for 

optoelectronic applications. Matter 4, 794–820. 

144. Wang, Y., Lv, Z., Zhou, L., Chen, X., Chen, J., Zhou, Y., Roy, V.A.L., and Han, S.-T. (2018). 

Emerging perovskite materials for high density data storage and artificial synapses. J. Mater. Chem. 

C 6, 1600–1617. 


