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Abstract

:

Driven by its appealing application in the energy harvesting industry, metal halide perovskite solar cells are attracting increasing attention from various fields, such as chemistry, materials, physics, and energy-related industries. While the energy conversion efficiency of the perovskite solar cell is being investigated often by various research groups, the relationship between the surface structure and the property is still ambiguous and, therefore, becomes an urgent topic due to its wide application in the real environment. Recently, the fine structure characterization of perovskite crystals has been analysed by varying techniques, such as XRD, synchrotron-based grazing incidence XRD, XAFS, and STM, in addition to others. In this review article, we will summarize recent progresses in the monitoring of fine nanostructures of the surface and crystal structures of perovskite films, mainly by XAFS, XRD, and STM, focusing on the discussion of the relationship between the properties and the stability of perovskite solar cells. Furthermore, a prospective is given for the development of experimental approaches towards fine structure characterization.
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1. Introduction


Metal halide perovskite structure has developed rapidly in the past decade since its first usage in solar cells. It is the champion of power conversion efficiency (PCE), increasing from 3.8% to more than 22% during recent years, while other types, such as Si-based, dye-sensitized, and organic solar cells, have had relatively less development in performance [1,2,3,4]. Perovskite films are commonly used in metal-halide solar cells with increasingly high PCE, however, the exact mechanism and the detailed structures of the perovskite film are still ambiguous. Consequently, much research has been performed on the stability [5,6,7,8], PCE [9,10], and toxicity [11,12] of the photosensitive film of the perovskite solar cell. In general, the perovskite solar cell is composed of the electrodes, electron transport layer, metal-halide perovskite film, and the hole transport layer. To reduce the influence of heterojunctions in solar cells, perovskite structures with single-crystal quality are a good candidate to detect related physic properties, such as giant photostriction [13], long range of electron-hole diffusion [14], structural and optoelectronic characteristics [15], harvesting of below-bandgap light absorption [16], optoelectronic properties [5], and ferroelectric and piezoelectric properties [17]. Moreover, perovskite crystals can also be utilized to detect related novel physical phenomenon, such as the quantification of re-absorption and re-emission processes, to determine photon recycling efficiency [18] and the detection of photons [19,20]. These investigations identifying such properties and physical phenomenon are performed in specific perovskite crystals. Furthermore, high-performance single-crystal and planar-type photodetector has also been fabricated using single-crystal metal halide perovskite [21], as well as the narrow-band perovskite single-crystal photodetectors [22].



It has been acknowledged that perovskite crystals play an important role in the further promotion of perovskite solar cells’ performance and industrial usage, as perovskite crystals have the distinct advantage of high controllability. Therefore, using perovskite crystals to solve one of the main issues of instability in perovskite solar cells might be reasonable. The subsequent question, then, is how to determine the crystal quality and characterize the fine structure, accordingly. Presently, there are several state-of-the-art techniques to achieve the structure determination of perovskite crystals, which will, therefore, be discussed and summarized in this review paper. First, we briefly summarize the growth methods of perovskite crystals with considerable discussion on the quality of perovskite crystals, which are investigated mainly by XRD, GIXRD, and XAFS. This covers reports from the literature, in addition to our own work. Secondly, the surface structures of perovskite crystals are investigated by scanning tunneling microscopy (STM) and are analyzed and compared with reports from the literature. The advantage of STM is that it gives a direct morphology of the perovskite surface with angstrom resolution in real space.




2. Basic Structure of Perovskite Crystals


Before discussing the approaches of growth of single crystal perovskite, it is worth noting the unit cell of perovskite crystal structure (molecular formula: ABX3, as depicted in Figure 1a). There are eight octahedral in one unit cell, where the cation, B, fits into an enclosed octahedral and the cation, A, is situated between the eight octahedral. The stability of the ABX3 perovskite crystal structure can be determined by the tolerance factor (t), the range of which can be calculated by the formula (1) as shown below, where rA, rB, and rX represent the corresponding ionic radii of the ABX3 perovskite [23,24]. The site, A, usually represents the organic group (such as CH3NH3+, NH2CH2NH3+, C(NH2)3+, or Cs+). The cation, B, is typically Pb2+ or Sn2+, while the anion, X, is the halide ion (Cl−, Br−, or I−). Furthermore, the cation, B, can also be easily connected with the anion, X, to form the BX6 octahedral ionic group [25]. In Figure 1b, tolerance factors of perovskite crystal structures are listed and, subsequently, we can conclude that the ideal tolerance factor is from 0.9 to 1.0. The t range, from 0.7 to 0.9, can also represent the crystal structure because of the smaller A or large B in the ABX3 structure. If the factor t is larger than 1.0, this means that there may exist various layered crystal structures. In addition, the Goldschmidt tolerance factor (t) and octahedral factor (μ) are also necessary, and these two factors can also be used to predict the formability of perovskites [26,27,28].


  t =    r A  +  r X     2   (   r B  +  r X   )     



(1)







Apart from the phase (known as the α phase) of the perovskite structure shown in Figure 1, the crystal structure will also change in different temperature regions [23], such as the tetragonal phase (denoted as the β phase) and the orthorhombic phase (denoted as the γ phase) [29]. Accordingly, the phase transition in perovskite crystal structure can significantly alter its optical and electrical properties and, therefore, affect its applications significantly. In general, the most representative perovskite structure is MAPbI3, and its phase change is summarized in Figure 2 [30]. Starting from the transitional point of phase change at around 330 K, the cubic perovskite structure changes into the tetragonal phase along with the point group from Pm-3m to I4/mcm. Contrastingly, the tetragonal changes into the orthorhombic phase, along with the structure phase evolution, from I4/mcm to P4/mbm when the temperature point drops below 160 K. Moreover, size-dependent orthorhombic-to-tetragonal phase transition has also been discovered by Li et al. [31]. Meanwhile, FAxMA1−xPbI3 phase transition was discovered by Weber et al. [32]. It has been discovered that CsPbI3 has two phases, α and δ, with the transition point at a temperature of approximately 600 K [33].



When single-crystal perovskite is exposed to ambient air dramatic changes occur, such as anisotropic moisture erosion of CH3NH3PbI3 single crystals [34], and it can be estimated that the corresponding performance will be worsening over time [35]. The main explanation for this phenomenon is that the perovskite structure gets degraded and the crystal phase is destroyed by ambient molecules, which is confirmed by the observation of the color change in the appearance. Despite the structural degradation of perovskite crystals being well reported, little is known about what exactly happens at the nanoscale level.



Growth of ABX3 Single Crystals


As discovered, the bottom seeded solution growth (BSSG) method is suitable to grow perovskite crystals from materials in particular solvents, which have low solubility at room temperature, but increasing solubility as temperature rises. The first MAPbI3 bulk single crystal with centimeter-scale was grown using this approach (as shown in Figure 3a) [36]. It was discovered that preparation conditions, such as temperature and crystal seed, are important to the growth of MAPbI3 crystals. Figure 3a,b show different sizes of MAPbI3 single crystals using the same method, except different temperature ranges are utilized (a with dimensions of 10 mm × 10 mm × 8 mm, and b with the size of 12 mm × 12 mm × 7 mm, respectively) [21,36]. Meanwhile, another similar method, top seeded solution growth (TSSG), can produce MAPbI3 single crystals with a size of 10 mm in length and 3.3 mm in height, as shown in Figure 3c. [14] Using the same approach, CH3NH3SnI3 and CH(NH2)2SnI3 can also be obtained with a size of approximately 10 mm (Figure 3d,e) [37].



Moreover, the temperature-lowering method is simple, convenient, and applicable for the growth of high quality single crystal perovskites with even larger sizes, such as MAPbX3 (X = Cl, Br, I), MASnI3, and FASnI3. However, it is not suitable for low solubility materials and precursors at high temperatures. Compared with the temperature-lowering method, the inverse temperature crystallization (ITC) method is suitable for those materials whose solubility in particular solvents is high at room temperature but decreases with increasing temperature. By employing the ITC method, millimeter-sized MAPbX3 (X = Cl, Br, I) single crystals were obtained via different organic solvents as shown in Figure 4a [38] and Figure 4b [39]. Similarly, millimeter-size FAPbX3 (X = Br, I) single crystals were gained using the same ITC method (Figure 4c) [40]. To some extent, residual molecules from the solvent can remain inside crystals. [41,42]



The TSSP, BSSP, and ITC approaches are convenient to obtain single perovskite crystals and, therefore, has become the most widely used techniques in the laboratory. Despite this, other methods of growing perovskite crystals also exist. Firstly, millimeter-scale MAPbBr3 crystals can be obtained by the anti-solvent vapor-assisted crystallization (AVC) method within one week [43], while single crystals (dimensions > 4 mm) were grown on the colorless (C6H5C2H4NH3)2PbCl4 plate within several weeks [44]. Secondly, using the slow evaporation method, hybrid perovskite analogue (benzylammonium)2PbX4 (X = Cl, Br) crystals, with the dimensions of 5 × 10 × 2 mm3, were obtained (Figure 5a) [45]. Thirdly, by using the droplet-pinned crystallization (DPC) measures, micrometer-scale single crystals CH3NH3PbI3 were formed under a conventional, but efficient, preparation process, which also provided the possibility to grow single crystalline thin film (Figure 5b) [46]. Fourthly, using the combined solution process and the vapor-phase conversion method, 2D MAPbI3 perovskite nanosheets were prepared via a twostep process by Liu et al. (Figure 5c) [47]. Last but not least, the hot casting method was also adopted for the growth of millimeter perovskite crystals [48].



Presently, the most commonly used techniques for crystallization determination and fine structure exploitation are X-ray diffractions and other related measures, such as two-dimensional XRD (2DXRD) and grazing-incidence XRD. When the detecting area on the perovskite surface presents with single-crystal crystallization, patterns with short robs or dots will be seen in the 2D-XRD or GIXRD measurements, indicating the presence of a reciprocal lattice, as seen in Figure 6a [49]. In addition, we can also gather in-plane and out-of-plane information, as explained in Figure 6b,c. When polycrystalline orientation (Figure 6d) exists in the detecting area, a faint ring connecting short robs will be shown with a certain reciprocal space, q. Moreover, extra short robs also appear in the XRD pattern, which can be attributed to the formation of single crystals, but with different orientations. Compared to the pattern with short robs and faint rings, the complete ring presented in Figure 6e without short robs indicates that there are many single crystals with different orientations formed in the detected sample [50]. The difference between Figure 6d,e is the discrimination in growth methods, and it can be seen that the hot cast approach apparently improves the crystallinity of perovskite film and results in a better PCE.



While XRD gives the direct crystallization information of the perovskite structure, the fine structure inside perovskite crystals can also be determined by X-ray absorption fine structure spectroscopy (XAFS). This is achieved by fitting the raw data measured at the Pb L3-edge, in the CH3NH3PbI3−xClx crystal, to get the information of the coordination number of Pb and the bonding length between Pb and I. Parameters obtained by fitting the Pb-L3 EXAFS shows that there are vacancies and defects existing in this kind of perovskite crystal. Specifically, the multiple-shell fitting is better than the single-shell fitting, both in real space (R space) and reciprocal space (k space), as shown in Figure 7 [51]. Encouragingly, the XAFS approach can see more inside the perovskite crystal structure with complex unit cells, and get the atomic structure information, such as defects and so on.





3. Surface Structure of ABX3 Detecting by STM


Although ABX3 perovskite crystals have been fabricated with a millimeter scale by using the different approaches discussed above, this is limited by the short lifetime of perovskite crystals in ambient atmosphere or the dirty crystal surface, and the surface morphology of perovskite crystals with atomic resolution was seldom mentioned. Initially, one method was proposed, with the codeposition of CH3NH3I and PbI2, to form CH3NH3PbI3 followed by in-situ imaging with STM [52]. The (001) surface of the orthorhombic MAPbI3 crystals were terminated either by MA-I or by Pb-I layers. As shown in Figure 8a–c, as the dimer and the zigzag structure are combined and potentially converted into each other at the (001) surface, the observed (001) surface by STM is, consequently, MA-I-terminated and bright protrusions in the STM images are assigned to iodine anions, due to the negligible contribution of electronic states near EF from MA anions [53]. The detailed structure is shown in Figure 8d,e. Interestingly, all these results were supported by theoretical calculation. It is later discovered that the codeposition of PbI2 and CH3NH3I is an ideal method for in-situ STM, and other measurements, in ultra-high vacuum (UHV). Koresh et al. suggested that the surface termination of the CH3NH3PbBr3 (001) crystal surface is the methylammonium bromide (CH3NH3Br) layer, supported by angle resolved photoelectron spectroscopy (ARPES) and theoretical calculation [54]. The surface termination, together with the structural stability and electronic structures of MAPbI3, that have been investigated so far are summarized in ref [55]. Haruyama et al. also reported the surface properties of CH3NH3PbI3 perovskite crystals with STM and other UHV measurements [56], while the surface-related properties of CH3NH3PbI3 perovskite thin film was also reported by Afzaal et al. [57].



Besides the growth of different kinds of ABX3 perovskite crystals in UHV, cleaved surfaces from perovskite crystals have also been used in UHV. Interestingly, Márton Kollár presented a method which can guarantee the flat and clean surface of the CH3NH3PbBr3 crystal and allows surface sensitive measurements., which is needed for the understanding and further engineering of this material family [58]. Furthermore, other in-situ cleave methods have also been used during STM experiments [59]. Ohmann et al. utilized in-situ cleaving of CH3NH3PbBr3 crystal to exploit the molecular orientation on the perovskite surface. Exact orientation of the molecular dipole within the lattice, and especially the interplay of methylammonium (MA) groups with hosting anions detected by STM, shows that such perovskite crystals keeps the phenomenon of modified arrangements of atoms and molecules on the surface, and have structurally and electronically distinct domains with ferroelectric and antiferroelectric characteristics. All these behaviors can be explained by surface reconstruction and a substantial interplay of the orientations of the polar organic cations, (CH3NH3)+, with the position of the hosting anions. The first observation of such surface reconstruction was very similar to the report produced by Limin She [52]. As an example, two surface structures (zigzag and dimer) are shown in Figure 9a,c. Figure 9b,d are simulated STM images of the (010) plane of the orthorhombic crystal with surface reconstruction. The ferroelectric property of this kind of perovskite is different in various domains, as shown in Figure 9e. Meanwhile, we can also discover, from Figure 9f,g, the same defect, which was discussed and shown in Figure 8. In principle, STM measurements can reveal surface morphologies in real space with atomic resolution, as converted from measured electronic states and tunneling current. However, the limited-scale measurement (usually within micrometer) prevents the investigation of large-size perovskite crystals. Therefore, a complementary method to STM, such as angle resolved photoelectron spectroscopy (ARPES), will help to obtain the electronic structure in reciprocal space and the averaged information for large samples [54].



As discovered, both approaches of codeposition of PbI2 and CH3NH3I, and cleaving from the pristine perovskite crystals cannot avoid surface defects, which have been resolved by STM. However, this raises the question of: how these defects will affect the physical properties of perovskite crystals. Liu et al. revealed the influence of defects in the crystal, as discussed in Figure 10 [60]. Vacancy sites, VBr, VMA, VBr-Pb, and VBr-MA, can be formed easily when water molecules are adsorbed on the (010) surface of the CH3NH3PbBr3 perovskite crystal because water reduces the formation energy of vacancy sites. On the other hand, the pristine CH3NH3PbBr3 (010) surface is shown to be quite inert toward the adsorption of molecules or atoms. Contrastingly, in the presence of vacancy sites, the adsorption energies of water, oxygen, and acetonitrile molecules are significantly increased due to the formation of hydrogen bonds between the adsorbates and the defective surface. It is expected that, in contrast to the pristine surface, structural decomposition of perovskite crystals is more likely to occur on the surface vacancy sites [60]. The stability of perovskite crystals or films is, therefore, very sensitive to water or other adsorbed molecules. In addition, polar solvents can also degrade the surface of perovskite crystals [61]. Dramatic changes, such as crystal structure and band gap, will appear on the surface of perovskite crystals after exposure to water, as suggested by Kamat et al. [62]. The formula of the chemical reaction between perovskite and water has been discussed in detail in ref. [7], however, oxygen is not the main contaminant. If the solar cells are stored in dark and dry air conditions, there will not be any noticeable degradation [63,64].



After the discussion of surface defects existing in perovskite crystal, which affects the stability of perovskite, the surface morphology of perovskite crystals exposed in ambient conditions will be discussed. The aged surfaces (from as-grown single crystals) of CH3NH3PbBr3 are shown in Figure 11a,b, in which the period of the crystal can be seen clearly, while Figure 11c,d shows the surface structures of pristine crystals, which show 2D crystals or robs-like crystals. More detailed information is shown in Figure 11e,f with a magnified view. When the pristine surface was exposed in ambient conditions, the surface structure changed significantly, which originates from hydration-induced morphological changes. However, the reason that the water molecules cause surface structure restructuring is still unknown. Notably, surface reconstruction on aged surfaces (as visualized from atomic-scale scanning tunneling microscopy) might lead to changes in the composition and optical band gap, as well as the degradation of carrier dynamics, photocurrent, and solar cell device performance [65]. Additionally, ionic defects traveling through gaps between perovskite crystal grains to erode the perovskite’s stability, as well as the band gap types (either direct or indirect band gap), will both influence the lifetime of charge carriers, the diffusion length, and the efficient absorption of perovskite semiconductors [66]. Therefore, a decreased grain boundary is favored for improving the perovskite film’s stability and the corresponding solar cell’s performance, and a similar relativistic effect has also been reported using theoretical calculation [67,68,69].



The alignment of MA groups is theoretically predicted to play a decisive role in the structural and electronic properties of the perovskite, and the exact orientation of the MA ions on the surface has been precisely determined by STM. This is important for the development of stable perovskite materials. Promoting the development of perovskite solar cells toward their theoretical PCE requires delicate control over the charge carrier dynamics throughout the whole perovskite solar cell device. Based on a complementary understanding of the perovskite device’s hybrid mechanism, the elaborate control over the carrier behavior in the perovskite film, especially across interfaces between different materials, is expected [70]. With better characterization of surface structures with XRD, STM, and so on, improved electronic properties of these materials could be gained by structure optimization from optimized growth methods, thus promoting device performance advantages. In pursuit of higher PCE, perovskite solar cells will definitively require an optimized carrier transport pathway, which is related to all device layers and corresponding interfaces. Presumably, flat perovskite crystal surfaces with less grain boundaries and stable surface structures will facilitate the charge extraction at both interfaces adjacent to the ETL, which is, essentially, helpful for obtaining a higher PCE. Moreover, atomic-scale defects can strongly influence the behavior of the solar cell absorber, and we have learned from the literature that the decomposition of perovskite crystal structures usually starts from surface defects. The identification of surface defects and their chemical properties should provide useful hints to understanding the chemical insights of the poor stability of CH3NH3PbX3 perovskite crystals, which is the key origin of the device with high PCE but not long-term stability.



Based on these reports and investigations, a series of methods has, therefore, been proposed to improve the stability of perovskite films and crystals. For example, Long et al. report a high crystallized MAPbI3 perovskite crystal with texture structure as prepared from HPbI3 reacting with low partial pressure MA gas, which demonstrates substantially higher thermal and moisture stability compared to that of polycrystalline perovskite prepared from MAI+PbI2 [8]. These observations suggest that the crystal-like perovskite sensitizer in solar cells possesses better performance than the three-dimensional (3D) perovskite structure, which can be utilized as an efficient approach to improve the stability of perovskite crystals. Moreover, external doping with other organics or inorganics can also improve the stability of perovskite [70,71] crystals, as well as the coordination between the perovskite film and the adjacent film [72,73]. Nevertheless, stability is still one of the crucial issues in the development of perovskite solar cells. The 3D organic-inorganic perovskites are one of the most appealing thin-film solar-cell materials as they can absorb light over a broad range of solar spectrum wavelengths. However, a photovoltaic material needs to be stable for long periods when exposed to sunlight, and this is unfortunately not the case for 3D perovskites. Ruddlesden–Popper phases (layered 2D perovskite films) [50], on the other hand, are photostable, but only have a poor PCE, which is because organic cations in the material act as insulating spacing layers between the conducting inorganic slabs present and so inhibit charge transport in out-of-plane layers. Nevertheless, PCE is obviously another important factor for perovskite devices. Consequently, an ideal photovoltaic material should have both high PCE and long-term stability. Based on these requirements, 2D halide perovskites, formed on the 3D perovskite structure to passivate interfacial defects and vacancies, and enhance moisture tolerance, seems to be a promising approach. Interestingly, hybrid 3D/2D perovskite films possess longer photoluminescence lifetimes, as well as lower trap state densities by the passivation of cationic and halide vacancies on the surface or grain boundaries, thereby reducing the non-radiative recombination pathways. More importantly, the hybrid 3D/2D perovskite exhibits higher ambient stability than a pure 3D perovskite where the hydrophobic nature of the long aliphatic carbon chains in the 2D perovskite provide an additional moisture repelling effect to the entire perovskite film.




4. Overlook and Prospective


Typically, great crystallinity is essential to the performance of the perovskite solar cell. In this review paper, the fabrication of single-crystal perovskite structure has been briefly discussed, followed by the fine structure determination with XRD and GIXRD, which are the most common and efficient characterization methods, currently. Secondly, the surface properties of fabricated perovskite crystals, including termination layer, ferroelectric and anti-ferroelectric effects induced, surface defects, and stability, have been elaborately discussed, to reveal the relationship between surface defects and structure stability via STM at a nanoscale level, as well as the surface structure effect on the performance of perovskite solar cell. However, limited by the instability of the perovskite single-crystal structure, there is still a paucity of research investigating the single-crystal surface of the metal halo perovskite structure by STM.



As generally agreed, fine structure engineering is a key point to further improve the power convention efficiency of perovskite solar cells. Consequently, substantial development of fine-structure characterization approaches will continually be a well-pursued topic in the field of organic-inorganic perovskite solar cells, especially in in-situ and operando conditions. X-ray fine structure absorption spectroscopy (XAFS) should be considerably employed in the future to characterize the detailed information behind crystal structure, such as the exact coordination information of metal ions in the hybridized perovskite structure (Pb, Cu, Sn, Cs, and so on), the bonding length, and the chemical state as-prepared and under operando situation. Moreover, atomic force microscopy (AFM) can also be widely utilized as a supplement to STM, which can measure the surface morphology in air or in situ. Scanning electron microscopy (SEM) has been widely used in the structure determination of perovskite films, however, its spatial resolution is still a limitation for fine structure characterization. Synchrotron-based scanning transmission electron microscopy can be a very helpful tool for both fine structure mapping and spatial element identification, which has not been mentioned in current literature. Besides XAFS, the promotion of other structure characterization methods under operando conditions is an appealing direction for research that should not be ignored. One possible way could be the combination of absorption spectroscopy and electrical measurements. Of course, X-ray photoelectron spectroscopy (XPS) together with ultraviolet photoelectron spectroscopy (UPS) are greatly helpful for the surface and interface electronic structure determination, such as the energy level alignment, valence band structure, and core level state, which are closely connected to the electrical properties of perovskite solar cells.
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Figure 1. (a) Unit cell of ABX3 with octahedral structure; (b) the tolerance factor of different crystal structures. Image is reproduced from Reference [24] with permission. 
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Figure 2. Crystal structures of MAPbI3 at different temperatures. (a) The PbI6 octahedral are blue and the iodine atoms are red, with MA cations not being shown to better highlight the distortions of the Pb-I network due to the structural phase transitions; (b) the relative rotations of neighboring layers of PbI6 octahedral along the c axis are shown as filled green squares and unfilled black squares. Figures were taken from Reference [30] with permission. 
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Figure 3. (a,b) Bottom seeded solution growth of MAPbI3 single crystal perovskites with different temperature ranges resulting in different sizes; (c) Top seeded solution growth of MAPbI3 single crystal; (d) MASnI3 single crystal and (e) CH(NH2)2PbI3 single crystal. The figure was taken from References [14,21,36,37] with permission. 
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Figure 4. The inverse-temperature-crystallization method producing large-size crystals of (a) MAPbX3 (b) MAPbCl3, and (c) FAPbX3. The figure was taken from refs [38,39,40] with permission. 
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Figure 5. (a) Slow evaporation method produces the (benzylammonium)2PbCl4 perovskite single crystal; (b) Arrays of CH3NH3PbI3 single crystal; (c) 2D MAPbI3 perovskite nanosheets; (d) Milimeter-scale crystal grain [48]. The figure was taken from ref [45,46,47,48] with permission. 






Figure 5. (a) Slow evaporation method produces the (benzylammonium)2PbCl4 perovskite single crystal; (b) Arrays of CH3NH3PbI3 single crystal; (c) 2D MAPbI3 perovskite nanosheets; (d) Milimeter-scale crystal grain [48]. The figure was taken from ref [45,46,47,48] with permission.



[image: Crystals 08 00232 g005]







[image: Crystals 08 00232 g006 550] 





Figure 6. (a) 2D XRD of single-crystal patterned perovskite thin films prepared by the geometrically confined lateral crystal growth process; (b) Out-of-plane XRD scan. Diffraction peaks are consistent with the diffraction spots along the qz line obtained by 2D XRD; (c) In-plane scan obtained at the fixed angle of (002) plane. The four sharp peaks demonstrate the four-fold symmetry of tetragonal perovskite; (d) Hot-cast and (e) near-single-crystalline (BA)2(MA)3Pb4I13 perovskite films with Miller indices of the most prominent peaks are shown. Color scale is proportional to the X-ray scattering intensity. The figure was taken from References [49,50] with permission. 
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Figure 7. EXAFS spectra and fits in (a) R-space and (b) k-space for all samples. The figure was taken from Reference [51] with permission. 






Figure 7. EXAFS spectra and fits in (a) R-space and (b) k-space for all samples. The figure was taken from Reference [51] with permission.



[image: Crystals 08 00232 g007]







[image: Crystals 08 00232 g008 550] 





Figure 8. STM images of MAPbI3 crystal films deposited on an Au(111) crystal surface. (a–c) Sequential images acquired at the same region showing the reversible transition between the dimer and zigzag structures (4.2 × 12.8 nm2; U = 2.0, 0.85, and −1.25 V; I = 30 pA). Phase boundaries are denoted by dotted lines. Iodine zigzag rows and dimers are denoted by dashed lines and ellipses, respectively; (d,e) Zoom-in view of the zigzag and dimer structures (4.3 × 4.3 nm2; 2.5 V; 50 pA). The unit cell is denoted by dashed rectangles; (f) STM image of the two phases coexisting at the same region (5.6 × 5.6 nm2; U = 2.5 V; I = 50 pA). The inset is the height profile along the dashed line. The figure was taken from Reference [52] with permission. 
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Figure 9. (a) Atomically resolved STM topography of the perovskite surface. Inset: Height profile along dashed line in the image. Image size: 31 × 31 Å2 (U = −5 V, I = 0.1 nA); (b) Simulated STM image of the (010) plane of the orthorhombic crystal with surface reconstruction; (c) Image size: 31 × 31 Å2 (U = −9 V, I = 0.1 nA); The arrows and dashed lines indicate the direction of the height profiles shown in part e; (d) Corresponding calculated image; (e) Comparison of height profiles and the corresponding model. The arrows indicate the rotational and positional change of the MA molecules and the Br ions, respectively, between the ferroelectric and antiferroelectric domain; (f) Start of the dislocation rows indicated by the white arrow. The angled lines indicate the modified Br atom positions adjacent to a dislocation row. Inset: Three dislocation rows beside each other. Bottom: Periodic arrangement of the dislocation rows; (g) STM image of defects on the surface. Image sizes: (f) 64 × 64 Å2, inset 56 × 55 Å2, bottom 164 × 23 Å2; (g) 92 × 103 Å2. U = −9 V, I = 0.1 nA. The figure was taken from Reference [59] with permission. 
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Figure 10. Simulated STM images of (a) the pristine CH3NH3PbBr3 (010) surface and (b) the surface with a Br vacancy VBr; (c) a MA vacancy VMA; (d) a Br-Pb double vacancy VBr-Pb; and (e) a Br-MA double vacancy VBr-MA. All these STM images were calculated with a W(111) tip model. The squares show the position of missing Br, Pb atoms or MA cations. Vbias = −3.0 V. Color code: N (blue), C (gray), H (white), Br (brown). The figure was taken from Reference [60] with permission. 
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Figure 11. (a,b) STM image of the aged surface from the as-grown single crystal; (c,d) Magnified view at various positions from the pristine crystal; (e,f) Ordered structures having well-aligned stacked planes from the pristine perovskite crystal surface; (g,h) STM images showing the hydrate formation after overnight exposure to ambient air with ring-like protrusions (marked by circles) and the disordered 1D chain (marked by rectangles), indicating molecular water incorporation in the pristine surface. Scanning parameters: Vb = 2.5 V and It = 0.7 nA. The figure was taken from Reference [65] with permission. 
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