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Abstract

:

The perovskite is a class of material with crystalline structure similar to CaTiO3. In recent years, the organic-inorganic hybrid metallic halide perovskite has been widely investigated as a promising material for a new generation photovoltaic device, whose power conversion efficiency (PCE) record reaches 22.7%. One of its underlying morphological characteristics is the twin domain within those sub-micron sized crystal grains in perovskite thin films. This is important for discussion since it could be the key for understanding the fundamental mechanism of the device’s high performance, such as long diffusion distance and low recombination rate. This review aims to summarize studies on twin domains in perovskite thin films, in order to figure out its importance, guide the current studies on mechanism, and design new devices. Firstly, we introduce the research history and characteristics of widely known twin domains in inorganic perovskite BaTiO3. We then focus on the impact of the domain structure emerging in hybrid metallic halide perovskite thin films, including the observation and discussion on ferroelectricity/ferroelasity. The theoretical analysis is also presented in this review. Finally, we present a spectroscopic method, which can reveal the generality of twin domains within perovskite thin films. We anticipate that this summary on the structural and physical properties of organometallic halide perovskite will help to understand and improve the high-performance of photovoltaic devices.
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1. Introduction


Perovskite, which is named after the Russian mineralogist Lev Perovski (1792–1856), is a widely known material whose discovery should be traced back to 1839 by Gustav Rose [1]. From the perspective of lattice structure, perovskite represents a group of material with ABX3 stoichiometry, whose crystalline structure is similar to CaTiO3 [2]. CH3NH3PbI3 (MAPbI3) is an organic–inorganic hybrid metallic halide perovskite with the unit cell containing Pb2+ and I−, forming a octahedral BX6 3D network, and together with cuboctahedral AX12 where MA+ occupies the center as seen in Figure 1 [3]. Since its first report with power conversion efficiency (PCE) 3.8% for a dye-sensitized solar cell in 2009 [4], its promising potentiality as the next generation photovoltaic material was soon discovered. A high PCE record of 22.7%, comparable to silicon-based solar cells, was achieved recently [5]. It has been widely applied to various forms of optoelectronic devices, such as lasers [6,7], light emitting diodes (LED) [8,9], photodetectors [10], and photovoltaic devices [11,12].



The phase transition of organometallic halide perovskite within the heating process has been widely studied in recent years. In MAPbI3, the octahedral (BX6) tilting with halide elements, which arises from the disordered orientation of methylammonium cation depending on the temperature and represents the bending of Pb-I-Pb bonding angle, provides possibility of three crystalline configurations with increased temperature as seen in Figure 2 [13,14]. Cubic phase is an ideal perovskite structure without tilts (   θ  a c   =  θ b  =   180  °   ) which is maintained and stabilized above 327 K [13,15]. However, the tilts may present in the equatorial plane Xeq only (   θ  a c   <   180  °    and    θ b  =   180  °   , rotation leading to a tetragonal phase between 162 K and 327 K) or together with tilting along the axial direction Xax (   θ  a c   <   180  °    and    θ b  <   180  °   , rotation leading to an orthorhombic phase below 162 K) [13,15]. The phase transition of MAPbI3 from cubic crystalline structure to tetragonal together with lowered symmetry during the annealing process provides the possibility of intrinsic twin domains, similar to the ferroelectric ones within inorganic perovskite BaTiO3 films [16]. Although they are hard to observe in MAPbI3 thin films under SEM, the related possible ferroelectricity has been proposed to explain the I–V hysteresis experimentally [17,18] and theoretically [19], as well as the low recombination rate [20]. Recently, a TEM result revealed its presence, which provided the clue to disclose the unique optoelectronic performance of organometallic halide perovskite [21].



In this review, after briefly summarizing the twin domain in the typical inorganic perovskite BaTiO3, we introduce the current studies on MAPbI3 thin films. Though observations on twin domains are quite limited at the moment, they effectively proved the possibility of their existence, and the significance to discuss the charge carrier extraction based on the domain structure. E.g., the calculation based on first principle theory revealed that the structure could provide an additional channel for charge carrier transportation separately without recombination. At last, we introduce our newly developed optical method, which revealed the general existence of these subgrain microstructures in the organometallic perovskite thin films. At the moment, the connection between the twin domain and high performance is still missing and hard to fulfill. The direct observation on charge transportation along the structure is necessary to solve the connection. We summarize these studies in this review and expect the coming of this observation, in order to finally clarify the mechanism of these optoelectronic devices’ high performance. This mechanism would be different to any other high performance solar cells, such as silicon solar cells, thin film solar cells like CIGS, dye sensitized solar cells, and organic solar cells. We hope that the understanding of a new mechanism would help to improve the perovskite solar cells for high performance and the investigation of new photovoltaic materials.




2. Twin Domains in Inorganic Perovskite BaTiO3


Twin domain is an intrinsic morphological feature observed in non-central symmetric crystalline structures. Research on its origination and physical properties have a long history since the concept was first introduced with scientific description in 1783 [22]. However, the unambiguous definition of twinning is still missing in the literature owing to the structure complexity and various morphological phenomena [23]. One typical definition based on geometry of twinning crystal points out that “twin is a complex crystalline edifice built up of two or more homogeneous portions of the same crystal species in juxtaposition and oriented with respect to each other according to the well-defined twin laws” [23]. Twin domains could be classified into growth twinning, mechanical twinning, and transformation twinning under the consideration of formation mechanism, in spite of its various definitions [24].



Growth twinning can occur during the crystal growth, either at the nucleation stage [24] or by the oriented attachment [25]. For the former one, twinning is mainly the result of the growing mistake when some atoms or clusters of atoms arrive at the twin orientation and then continue to grow into a spread individual. A typical example is penetration twin domains observed in FeBO3 [26], quartz–homeotypic FePO4 [27], GaPO4 [28], Al2O3 [29], and some metallic materials like Zr and Ti [30]. Alternatively, in supersaturated solution condition, another type of growth twinning may occur on the base of twinned nucleation according to the theory of Buerger [24]. Under the later circumstance, growth twinning that resulted from the oriented attachment has not been widely studied yet. Some direct and indirect evidences including alum and β-quartz were reviewed by Massimo Nespolo and Giovanni Ferraris [25].



A mechanical pressure can switch the orientation of some crystals to another state while keeping the identical crystalline structure [24]. This result is regarded as mechanical twinning [31], which can be found in metals and minerals with elasticity and plasticity. They are shown as the rolling and shear texture in brass [32], stress-induced ω phase transition in β titanium alloys [33], and stacked microtwins of a few tens of nanometers in high manganese content austenitic steel [34] etc. It is worth mentioning that the ferroelastic transformation twin can be classified into mechanical twinning since it can be created by the shear deformation, resulting from mechanical load [35], such as the domain reorientation of ZrO2 under unidirectional compressive stress at high temperature [36], the prominent W domain walls observed in BiVO4 [37], a completely reversible domain structure induced by the high stress applied at the crack tip in BaTiO3 [38].



Twinning domains formed during crystalline phase transition in numerous optoelectronic materials are usually defined as transformation twinning. Generally, the transformation twinning is intimately related to the change of crystalline symmetry. Twin domains turn out during the cooling down process from high to low temperature, while the crystal phase transits from higher symmetry to lower symmetry, owing to the movements of cooperative atom in a nuclear region that is attributed to the loss of symmetry [39]. Well-known examples of the transformation twinning are revealed in perovskite, which obey the twin laws of high-low symmetry transition.



BaTiO3 is a typical representative of inorganic perovskite, which is commonly used today for numerous applications due to its ferroelectricity and piezoelectricity. BaTiO3 crystal is of cubic phase and centrosymmetric lattice structure above 120 °C [40]. The crystal would transform into a polar tetragonal phase with the emerging of the complex twin domains upon cooling. Basically, there are two kinds of twinnings according to the direction of the polar axis between adjacent twined domains: perpendicular (90° domain) or antiparallel (180° domain) [40]. One way to distinguish them is through polarized optical detection. Under the polarized light, responses are the same for the adjacent 180° domains. For 90° type, it could be justified by the observation of wedge-shaped lamella domains as seen the square-net pattern in Figure 3a, which were almost always identified under the polarized light in the tetragonal BaTiO3 single crystal [41,42]. Actually, the twin domain could be more unambiguous by etching or external electric field when photographed by optical microscopy, TEM, and SEM [43,44]. A typical BaTiO3 90° domain with characteristic banded domain structure of herringbone is showed in Figure 3d. The corresponding TEM bright field image of the same sample as seen in Figure 3e, which illustrated twin domains with width varied in 300~500 nm. The insetting selected area diffraction pattern (SADP), which showed the spot splitting subtending an angle of ~35° along the [110] direction, indicated that they were the 90° a–a type domains [45]. The twinning photograph confirmed that the BaTiO3 90° domain was prominent in the twin domains [42,46]. On the other hand, the Figure 3b,c illustrated the classical BaTiO3 180° twin domains, which were presented with image contrast resembling watermark patterns characterized by irregular lines, were embedded in the lamellar-shaped 90° domains. One more thing to be mentioned is that the growth twinning of BaTiO3 may emerge due to the mistake of nucleation during the crystal growing process. Figure 3f shows the famous growth twinning butterfly of BaTiO3 which relates to the cooling rate and the presence of certain impurities [47,48].




3. Subgrain Twin Domains Observed in MAPbI3


Photovoltaic devices based on methylammonium lead iodide perovskite have astonished breakthroughs in solar energy conversion efficiency in these years. Light absorber layers of perovskite solar cells are usually polycrystalline thin films, in which subgrain microstructures are rarely observed. Therefore, early research on the impact of microstructure in perovskite films was mainly focused only on the grain, including grain size and grain boundary. Choi et al. and Grancini et al. reported that the absorption spectrum of MAPbI3 in the mesoporous TiO2 with smaller grain size (few tens of nanometers) performed a blue shift compared to perovskite thin films deposited the flat substrate with larger grain size (hundreds of nanometers) [49,50]. Bastiani et al. and D’Innocenzo et al. claimed that the smaller grain size of the perovskite material, the shorter lifetime of the photoluminescence from the perspective of charge carrier dynamics [51,52], which was contrary to the result of Nie et al. [53]. The evidence showed that the fluorescence quenching in single crystal perovskite was even stronger [54,55]. The effect of perovskite grain boundary on the optoelectronic prosperities also received a large amount of attention. Dane W. de Quilette et al. reported that the fluorescence intensity of the MAPbI3−xClx grain boundary decreased to 65% compared to the inter grain by using confocal fluorescence microscopy [56]. The result meant that the grain boundary of perovskite material provided much excess non-radiation recombination pathway [56]. Interestingly, Yun et al. utilized KPFM and AFM to explore the impact of perovskite grain boundary with sunlight illumination. Their result showed that there were higher surface photovoltage and short circuit current in the grain boundary rather than the inter grain [57]. Their later work revealed that the grain boundary may benefit the charge separation and charge transportation [58].



There is no consensus about the impact of grain size and grain boundary on charge carrier dynamics and photovoltaic performance according to these contradictory studies. It results in challenge to the explanations about the remarkable photovoltaic efficiency, the mechanism of current-voltage hysteresis (I–V hysteresis) [17], and the impact of ion migration [59]. One fundamental question is about the origin of low recombination rate, which is contradicted to the Langvin recombination model [60]. The ambiguous understanding of these questions indicates the urgency of exploring the underlying mechanisms.



Recently, subgrain twin domains were found in MAPbI3 thin films [21,61,62,63,64]. These intra microstructures within grains may be the intrinsic potential factors in charging the high performance of perovskite-based photovoltaic devices [65]. Prior to the discovery of twin domain, the organolead perovskite had been proposed as ferroelectric [66,67,68]. However, whether the organometallic perovskite such as MAPbI3 possesses ferroelectricity remains ambiguous. We summarize some of the debates in Table 1.



Whether the twinning structure represent ferroelectric or not keeps coming up as a question. Hermes et al. employed piezoresponse force microscopy (PFM) to characterize the a relative large and flat surfaces of MAPbI3 films [61]. Their results revealed the existence of subgrain twin domains in the tetragonal phase. The nanoscale periodic striped domain within single grain is shown in Figure 4a,b. These striped domains have their identical width within 100–300 nm in one grain, but vary between different grains. The 90° angle of stripes within grains shown in the magnified areas was a fingerprint-like structure for ferroelastic twin domains. It was supported by an additional PFM experiment on 90° rotated sample, for which the inverted phase contrast was found, with almost unchanged amplitude contrast (Figure 4d,e) [61]. Hermes et al. also proposed that the orientation of the polarization in the observed twin domains was a1–a2 phase, as seen in Figure 4c [61].



Furthermore, Strelcov et al. observed the 70° and 109° domain structure in MAPbI3 thin films with PFM, as seen in Figure 5 [62]. It was proven that the nanoscale domain behaved as a function of the applied stress, which would not return to the pristine state when the stress was relieved. It was in good agreement with the ferroelasticity [62]. In addition, the unchanged domain pattern under different electric field strength, observed by PTIR (Photothermal Induced Resonance), excluded the possibility of the ferroelectricity. Instead, it supported the ferroelastic nature of the structure [62].



Recently, the alternating polarization striped domain with an average width of 90 nm was reported in solution-processed MAPbI3 film, as seen in Figure 6 [63]. Contrary to the previous report, these twin domains observed by PFM were considered as ferroelectric domains [63]. The 90° continuation of the domain within grains was observed clearly in Figure 6c,d, similar to the domains revealed by Hermes et al. [61]. Further investigation showed that the structure could provide 25% enhancement of the charge carriers extraction ability measured by the photo-conductive AFM (PC-AFM), as showed in Figure 6b [63].



Employing PFM to detect subgrain twin domains is available for surface detection. However, the flat grain surface is needed to exclude the cross-talk of the surface structure with twinning morphology [63]. Hence, TEM, as a classical method to image twin domains in inorganic perovskite, is applied for investigating organometallic perovskite. Rothmann et al. reported intrinsic twin domains performed as ~100–300-nm-wide stripe in tetragonal phase MAPbI3 thin films as seen in Figure 7 [21]. These twin domains were observed with TEM under the condition of low electron dose and rapid acquisition to carefully avoid surface damage [21]. The selected area electron diffraction (SAED) result implied that the diffraction spot from adjacent domains were mirrored to each other across the twin axis and the twin axis was parallel [112] in direction. They claimed that the separation angle θ, which would be attributed to the difference of the lattice space distance of {110}t and {002}t planes at the tetragonal phase in MAPbI3, underpinned the twinning and formation of the {112}t twin plane [21]. They also found that the twin domain owed memorized characteristics. The striped contrast which existed at room temperature (tetragonal phase) disappeared in 70 °C (cubic phase). It turned out again when the sample cooled down to room temperature. This phase transformation-related phenomenon is consistent with the twin domain observed in inorganic perovskite BaTiO3 [16].



Another interesting study showed that the tetragonal and cubic phase coexisted at room temperature, observed by HRTEM in MAPbI3 thin films, as seen in Figure 8 [64]. The refinement of the HRTEM image, which was based on the Fourier filtering and reconstruction technique, showed that there were two types of spontaneously formed superlattices without composition change: triple layer superlattices made up of tetragonal/cubic/tetragonal stacking sequences and double layer superlattices made up of tetragonal/cubic stacking sequences. These spontaneous-formed superlattices were attributed to the structural transition under mixed tetragonal and cubic phase [64]. In addition, the atomically organized double layer superlattice was observed in the MAPbI3–TiO2 hetero-interface acting as a buffer layer, which provided possibility to benefit the photovoltaic performance due to enhanced charge transportation [64].



Rare observations about twin domains in MAPbI3 had been presented, although MAPbI3 films have been widely adopted as active layers in solar cells. The morphological characteristics of the twin domain in MAPbI3 films is hard to be summarized and some related growth conditions have benn summarized briefly in Table 2. Fortunately, there are abundant studies on inorganic perovskites. The studies showed that the morphology could be accounted to some factors such as grain size (g) and film thickness (t).



	
According to the classical understanding, twin domains in ferroelastic or ferroelectric materials originate from the minimum energy evolution of the grain, with the expense of domain wall energy [16]. Therefore, the occurrence of twin domain related to the grain size g. A semi-quantitative model based on typical BaTiO3 twin domains revealed that the total elastic energy due to homogenous strain of phase transformation increased with g3 while the domain wall energy increased with g2. Research on BaTiO3 ceramics concluded that the domain width obeyed the g1/2 rule while g > 1 μm and the domain structure would no longer be unique with g < 1 μm [16]. Small twin structure of ~30 nm are observed in small grains of 300 nm [16].



	
In ferroic material rhombohedral perovskite LSMO, it was revealed that the domain period followed the t1/2 rule in ultrathin films which implied high density of twin patterns at small film thickness and was, in turn, more apparent [74].






The normal grain size in MAPbI3 films is of a few hundred nanometers and a small twinning structure can be expected. Rough film surface is another obstacle for observation. High flatness of MAPbI3 films is needed for observing twin domain patterns during the PFM characterization process as suggested by Holger Röhm et al. [63]. However, the requirement for a real working layer has no strict requirement for surface flatness. Therefore, the twinning structures in MAPbI3 films are still hard to be studied.




4. Effect of the Subgrain Microstructure on Perovskite Solar Cells


The subgrain twin domain in MAPbI3 could be related to ferroelasticity or ferroelectricity, which could explain the low recombination rate and long carrier diffusion distance. In inorganic perovskite ABX3 like BaTiO3, the B could move away from the center of the BX6 cage in the tetragonal phase leading to the broken crystal centro-symmetry and a spontaneous electric field in turn [75,76]. A similar mechanism was proposed by Frost et al., who suggested that the organic cation rotating in the inorganic cage relative to MAPbI3 could distort the lattice symmetry [20]. A corresponding electronic polarization field of 38 μC/cm2, comparable to the inorganic ferroelectric perovskite, was calculated [20]. Liu et al. presented the impact of ferroelectricity in the charge separation process based on the DFT calculation in MAPbI3 [77]. Their results illustrated that two possible mechanisms could benefit charge separation, for which the ferroelectric domain wall would be charged or uncharged due to the flexible rotation of MA+ in the crystal structure, as seen in Figure 9a,b. One was the electron-hole pair separation channel between the charged domain wall existing in 90° domain and 180° domain [77]. The other was the small polarization field normal to ferroelectric domain walls in the uncharged 90° domain wall [77]. Frost et al. explained the enhancement of charge carrier transport induced by the ferroelectric domain in detail with the ferroelectric highway configuration [20]. According to the proposed ferroelectric highway, the electron-hole pair could be separated efficiently within one ferroelectric domain due to the polarization field and the charge carrier diffused along the domain boundary freely toward the electrodes without recombination, as seen in Figure 9c,d [20]. Furthermore, the calculation based on Landau–Ginzburg–Devonshire theory revealed that the carrier diffused to ferroelectric domain wall and accumulated there, as seen in Figure 9e. The accumulation of charge carriers increased the static conductivity of the domain wall by 3–4 orders compared to the bulk state [78]. Recently, the density function theory based model revealed a similar segregation transport of electrons and holes with increased conductance and reduced bandgap in MAPbI3 [79].



Ambient experimental evidence to evaluate the positive or negative effect of subgrain microstructure observed in MAPbI3 thin films on perovskite solar cells is still missing although theoretical results stand by the positive side. However, some indirect evidence has been reported recently. Daniele Rossi et al. developed a drift-diffusion model to simulate the actual benefit of polarization field to the perovskite solar cells based on the revealed herring-bone like ferroelectric domains in their earlier work [63]. Their results illustrated that the ferroelectric domain suppressed the defect-mediated recombination and direct recombination owing to the discontinued polarization field which acted as an electron-hole separate pathway [80]. Hsinhan Tsai et al. investigated the structural dynamic evolution under continued light illumination, whose results illustrated the light-induced uniform lattice expansion leading to enhanced power conversion efficiency (from 18.5% to 20.5%) and stability (more than 1500 h) of perovskite solar cells [81]. Actually, the light-soaking process performed as annealing procedure, during which the lattice strain originated from phase transition was nonnegligible. Its rational to propose that the occurrence of twin domains resulted from lattice strain during the light illumination given by the formation mechanism of transformation twin domains. More indirect evidence of twin domains’ positive effect on photovoltaic devices has been suggested by the high performance and stability perovskite solar cells with nanoscale stripe patterns, especially the mixed-cation or mixed-halide perovskite such as (FAPbI3)0.85(MAPbI3)0.15 [82], MAPbI3−xClx [83], CsxFA1−xPbI3 [84].




5. Optical Method to Observe the Broad Existence of Subgrain Twin Domains


The subgrain twin domains, which are widely found in inorganic perovskite BaTiO3, remain mysterious in organometallic perovskite MAPbI3 working layers, though they have been observed with PFM and TEM in specified samples. As we mentioned in former parts, the surface roughness, the small scale of the domain, and the a1–a2 phase characteristics are the obstacles for direct observation in working layers [21,63]. Fortunately, we developed a convenient optical method to identify the broad existence of subgrain twin domains hidden in MAPbI3 active layers [85].



It is revealed that the photo-generated products, such as carriers, excitons, trions, and bi-exciton etc. strongly correlated to material morphology. This relationship requires some conditions. In principle, the morphology variation may not lead to change of photoproducts. E.g., larger and smaller crystal grains may have similar photophysical behaviors. However, on the other hand, if we reduce the grain size to the nano scale or lower its dimension to nanowire and two-dimensional layers, the photophysical behavior will be significantly different [86,87]. Therefore, if the variation on photoproducts is found, it would represent significant change in morphology. Based on this idea, the relationship between photoexcited exciton and free carriers was analyzed by our recently developed density-resolved spectroscopic method [88]. The method focuses on the excitation density-dependent photoproduct system, since the correlation of exciton and free carriers in semiconductors is density-dependent. According to the Saha–Langmuir equation [89] and fixed fluorescence intensity I(n) [88]:


     x 2    1 − x   =  1 n    (   2 π μ  k B  T    h 2    )   3 / 2    e     E B     k B  T      



(1)






  I ( n ) ∝  A 1  ( 1 − x ) n +  A 2    ( x n )  2  +  A 3  ( 1 − x ) n ⋅ x n  



(2)




where  n  is the total carrier intensity under light illumination,  x  is the ratio of free carriers,  μ ,    k B   ,  h ,    E B    are the reduced effective mass, the Boltzmann constant, the Plank’s constant, the exciton binding energy.    A 1    and    A 2    represent the decay rate of monomolecular and bimolecular recombination,    A 3    is another decay rate that originated from exciton–carrier collision (ECC). At high excitation density, the fixed fluorescence intensity I(n) performs as power index 1 representing coexistence of exciton and free carriers without ECC, while power index 3/2 which implies the dominance of ECC behavior at perovskite thin films [85].



For freshly made perovskite films without heat annealing (or slightly heated for removing solvent), the exciton and free carriers co-existed and interconverted to each other dynamically as shown in Figure 10a with obvious power index 1 at high excitation density. For thin films experiencing adequate heat annealing, the collision-induced quenching of exciton and free carriers (ECC) happened as illustrated in Figure 10b with power index 3/2 at high excitation density [85]. Since the non-annealed and annealed film were all with tetragonal phase, there must be some intrinsic morphological change appearing. In addition, when the fully annealed films (3/2 index) were heated to 340 K (above the phase transition temperature from tetragonal to cubic phase), the ECC disappeared (the index become 1), as seen in Figure 10c. However, the 3/2 index came back when the films were cooled down to room temperature. This initial annealing and phase transition dependent behavior was akin to the twin domain formation in BaTiO3 film and MAPbI3 films revealed by TEM [16,21]. Therefore, we confirmed that the subgrain morphology generated in MAPbI3 films and such subgrain morphology should be twin domains proposed in previous studies [85]. The photoproduct behavior and corresponding proposed mechanism are summarized in Figure 10d [85]. Our full analysis of the photoproduct system revealed the existence of twin domains in sufficiently annealed MAPbI3 thin films. By knowing the generality of the annealing process in perovskite thin film preparation process, it could be deduced that the broad existence of twin domains in perovskite solar cells which is in agreement with the previous surface morphology characterization [82,83,84], we are continuing further research to directly observe the charge transportation under the twin domain morphology.




6. Conclusions and Outlook


In this review, we give a detailed description of twin domains observed in inorganic and organometallic perovskite. We summarize the origin of twin domains emerged in metals and ceramics, together with explicit characterization of twin domain structure in typical inorganic perovskite BaTiO3. Some typical corresponding subgrain twin domains emerged in MAPbI3 thin films were revealed by PFM and TEM, given that the organometallic perovskite MAPbI3 possesses the lattice structure analogous to BaTiO3. Theoretical calculations about domain structure in MAPbI3 indicating its benefit to charge transport is summarized. A new spectroscopic method which could reveal the generality of subgrain twin domain in perovskite films is also introduced.



Despite the relatively ambiguous understanding on the subgrain twin domain of organometallic perovskite, the experimental characterization and theoretical calculation presented above illustrate its importance in effective charge transportation and high photovoltaic performance. To further understand and improve perovskite solar cells’ photovoltaic performance, tremendous attention on the origin and impact of the subgrain twin domain should be paid. One thing to be mentioned is that the subgrain twin domain of organometallic perovskite seems to correlate with the phase transformation from cubic phase to tetragonal phase akin to transformation twin of BaTiO3. It is reasonable to infer the normal existence of the subgrain twin domain in organometallic films, providing that the indispensable annealing during the thin-film preparation process, which emphasizes the significance to explore the subgrain twin domain. To our understanding, the study on twinning domain in MAPbI3 will finally reveal the fundamental mechanism of the material and the devices’ high performance.
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Figure 1. Typical crystal structure of perovskite ABX3 with octahedral BX6 (left) and cuboctahedral AX12 (right). As for CH3NH3PbI3 circumstance, A = CH3NH3+, B = Pb+, X = I+. Reprinted with permission from reference [3]. Copyright (2014) American Chemical Society. 
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Figure 2. Possible crystalline phases of perovskite ABX3. (a) Typical perovskite structure with octahedral BX6 geometry (top view) of various phase cubic, tetragonal, orthorhombic and the relative side view pattern (c), where A = violet, B = gray, X = green, brown, cyan typically. (b) Illumination of octahedral BX6 with equatorial plane halide (Xeq, red) and axial plane halide (Xax, blue). Reprinted with permission of reference [13]. American Chemistry Society. 
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Figure 3. (a) Square-net pattern and edge viewed single crystal. (b,c) The 180° type domains characterized by irregular lines. (d) The ferroelectric domains of the herringbone-type BaTiO3. (e) The TEM image with SAED of the same sample in (d). (f) The butterfly growth twinning of BaTiO3. Part (a) is adapted from reference [41] with permission from American Physical Society. Part (b,c) are adapted from reference [42] with permission from John Wiley and Sons. Part (d,e) are adapted from reference [45] with permission from Elsevier. Part (f) is adapted from reference [48] with permission from John Wiley and Sons. 
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Figure 4. PFM measurement on MAPbI3 films: (a) PFM amplitude image with magnified areas 1 and 2; (b) amplitude profiles extracted along the red line in area 1 and the blue line in area 2; (c) proposed a1-a2 phase in a 45° angle out of plane and 90° with respect to each other; lateral PFM image for PFM phase at 0° (d) and 90° (e) sample rotation, insets in the right corner show the PFM amplitude both with the same data scale. Reproduced from reference [61] with permission from American Chemical Society. 
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Figure 5. Pattern of typical ferroelastic domains in perovskite thin films. (a) The topography of perovskite thin films with processed with doctor blade–coating and corresponding (b) PFM amplitude images. (c) High-resolution topography image and (d) PFM amplitude image with an AFM tip loading. Reprinted with permission from reference [62], AAAS. 
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Figure 6. Domain structure with alternating polarization in perovskite thin films. (a) PFM phase image revealed patterns of polarized domain; (b) the same pattern in pc-AFM for the same area in (a); (c) PFM phase image of a ferroelectric MAPbI3(Cl) domain pattern with the dark line represents the grain boundary; (d) Magnified PFM image of a smaller area in (c) illustrating a 90° continuation of the polarized domain. Reprinted with permission from reference [63]. Royal Society of Chemistry. 
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Figure 7. Twin domains revealed by TEM and the corresponding SAED pattern. (a) Bright-field TEM image of pristine CH3NH3PbI3 thin film at room temperature. (b) The SAED pattern taken from a grain owing stripe contrast showed two single-crystal patterns with a mirrored relationship and magnified in (c); (d) Schematic of the proposed twinning geometry. Reprinted with permission from reference [21]. Springer Nature. 
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Figure 8. The coexistence of tetragonal and cubic phase in MAPbI3 thin films. (a) HRTEM (×1000 K) image showing the coexistence of the tetragonal and cubic domains in perovskite. (b) The FFT image of      [  1  1 ¯  1  ]   t    (red rectangle, tetragonal phase) zone axis FFT. (c) The FFT image of      [  101  ]   c    (yellow rectangle, cubic phase). HRTEM (×5500 K) images of tetragonal phase (d) at      [  1  1 ¯  1  ]   t    zone axis and cubic phase (c) at      [  101  ]   c    zone axis. (f), (g) illustrate the atomic configurations simulated along      [  1  1 ¯  1  ]   t    and      [   1 ¯  0  1 ¯   ]   c   . Reprinted with permission from reference [64]. John Wiley and Sons. 
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Figure 9. (a,b) Illustration of atomistic structure and electrostatic potential distribution corresponded for the CDWs (Charged domain walls) and UCDWs (Uncharged domain walls). (c,d) Schematic of the ferroelectric highway with 1D built-in potential (c) and associated 2D electron and hole separation pathway (d). (e) Charged domain walls in the uniaxial ferroelectric n-type semiconductors for the case polarization field inclined head-to-head. Part (a,b) are adapted from reference [77] with permission from American Chemical Society. Part (c,d) are adapted from reference [20] with permission from American Chemical Society. Part (e) is adapted from reference [78] with permission from Springer Nature. 
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Figure 10. (a–c) Relation of photoluminescence intensity (PL0) and excitation density (n) for MAPbI3 thin films with non-annealed (I3-na), sufficient annealed (I3-sa), sufficient annealed while investigated at 340 K (I3-sa @340 K). (d) Schematic of photoproduct system and the conversion relation for MAPbI3 which illustrated that the typical ECC observed in annealed perovskite thin films at tetragonal phase. Reprinted with permission from reference [85]. Springer Nature. 
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Table 1. Summary of controversial results about ferroelectricity in MAPbI3.
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	Sample
	Main Method
	Phenomenon
	Result
	Reference





	β CH3NH3PbI3 film
	PFM
	180° phase change after DC poling
	ferroelectricity
	[66]



	CH3NH3PbI3(Cl) film
	PFM
	Striped twin domain without ferroelectric switching
	ferroelasticity
	[61]



	CH3NH3PbI3 device
	PFM
	P-E hysteresis loops without switching
	Non-ferroelectricity
	[69]



	Powder and single crystal of CH3NH3PbI3
	SHG

XRD

P-E loop
	a. SHG efficiency below any detectable limit

b. XRD result showed the centrosymmetric space group

c. Approximately linear P-E loop
	Non-ferroelectricity
	[70]



	CH3NH3PbI3 film
	P-E loop/PFM
	Ferroelectric properties and switchable polarization
	ferroelectricity
	[71]



	CH3NH3PbI3 single crystal
	P-E loop/SHG
	P-E hysteresis loops in tetragonal phase and SHG response
	ferroelectricity
	[72]



	CH3NH3PbI3 film
	P-E loop
	No clear P-E switching
	Non-ferroelectricity
	[73]







SHG: Second-harmonic generation; XRD: X-ray diffraction; P-E loop: Polarization Intensity-Electric field loop curve.
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Table 2. Summary of material growth condition for MAPbI3 with twin domains.
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	Material
	Preparation Method
	Thickness
	Grain Size
	Annealing Process
	Reference





	MAPbI3(Cl) polycrystalline films
	One-step solution-processed
	/
	Up to 10 μm
	140 °C, 20 min
	[61]



	MAPbI3 polycrystalline films
	Doctor blade-coating
	600 nm
	0.5~2 μm
	100 °C, 30 min
	[62]



	MAPbI3 polycrystalline films
	Two-step spin-coating
	/
	0.5~2 μm
	100 °C, 10 min
	[62]



	MAPbI3(Cl) polycrystalline films
	Two-step solution-processed
	300 nm
	Several micrometers
	100 °C, 20 min
	[63]



	MAPbI3 polycrystalline films
	One-step solution-processed
	300 nm
	~1 μm
	100 °C, 10 min
	[21]



	MAPbI3 polycrystalline films
	One-step solution-processed
	/
	/
	100 °C, 30 min
	[64]
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