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Hybrid perovskites are a novel type of semiconductors that show great potential for solution-processed optoelectronic devices. For all applications, the device performance is determined by the quality of the solution-processed perovskite thin films. During solution processing, the interaction of solvent with precursor molecules often leads to the formation of solvate intermediate phases that may diverge the crystallization pathway from simple solvent evaporation to a multi-step formation process. We here investigate the crystallization of methylammonium lead iodide (MAPbI3) from a range of commonly utilized solvents, namely dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP), and gamma-butyrolactone (GBL) at different temperatures ranging from 40°C to >100°C by in-situ grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements. For all solvents but GBL, we clearly observe the formation of solvate-intermediate phases at moderate processing temperatures. With increasing temperatures, an increasing fraction of the MAPbI3 perovskite phase is observed to form directly. From the temperature-dependence of the phase-formation and phase-decomposition rates, the activation energy to form the MAPbI3 perovskite phase from the solvate-phases are determined as a quantitative metric for the binding strength of the solvent within the solvate-intermediate phases and we observe a trend of DMSO > DMF > NMP > GBL. These results enable prediction of processing temperatures at which solvent molecules can be effectively removed.
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INTRODUCTION
Hybrid perovskites have recently become a promising choice of semiconductor material for a variety of optoelectronic applications. Hybrid perovskites offer excellent optoelectronic properties such as high absorption coefficient, long diffusion length, and bandgaps in the visible range of the solar spectrum (Wolf et al., 2014; Dong et al., 2015; Rehman et al., 2017). High-quality thin films of hybrid perovskites can be deposited from precursor solutions followed by annealing at temperatures as low as 50°C (Fu et al., 2015; Xu et al., 2015; Arain et al., 2019). The improvement of the crystalline properties of the materials and, as a result, their optoelectronic quality is often achieved by optimization of precursor solution composition and deposition procedures (Jeon et al., 2017; Haque et al., 2020).
Optimization of precursor solution is often realized by employing solvent mixtures that allow to manipulate nucleation kinetics and chemical pathways leading to the perovskite formation (Singh et al., 2017; Arain et al., 2019). To date, however, the choice of solvents is often based on empirical evidence of quality enhancement of obtained thin films or devices. Early research on precursor solutions of these materials showed that the crystallization of thin films is affected by an interaction between lead halide perovskite precursors and solvent molecules in a precursor solution (Hamill et al., 2018). In solution, this interaction leads to the formation of complexes that may act as “building blocks” for the formation of amorphous and crystalline solvate phases upon drying (Guo et al., 2016; Li et al., 2019; Valencia et al., 2020). In recent years, the application of different crystallization monitoring techniques revealed that not all solvents form intermediate phases with the perovskite precursors (Ortoll-Bloch et al., 2020). In fact, the usage of weakly coordinating solvents has been employed to avoid the formation of solvate-intermediate phases completely. In particular, layers deposited from gamma-butyrolactone (GBL), 2-methoxy ethanol (2-ME), acetonitrile (ACN), and tetrahydrofuran (THF) as solvents and co-solvents showed the direct formation of perovskite phase with enhanced optoelectronic quality (Deng et al., 2019). In contrast, it has been demonstrated that the formation of certain crystalline intermediate phases or the presence of strongly coordinating solvents is beneficial for the formation of the perovskite phase as it acts as a template or induces nucleation (Seo et al., 2017; Li et al., 2021). Interestingly, precursor solutions containing strongly coordinating solvents such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) are still among the most commonly used. This indicates that the correlation between solvent coordination strength and quality of resulting materials is not apparent. Moreover, the choice of the solvent mixture is often dictated by the choice of the deposition technique and availability of methods for controlling nucleation and crystallization of materials.
Different strategies have been employed to ensure an efficient solvent removal and transformation of the precursor-solvent complexes or intermediate phases into semiconducting perovskite material. To date, vacuum, gas quenching, anti-solvent quenching, and annealing are the most commonly used methods for inducing crystallization and aiding solvent removal (Jeon et al., 2014; Li et al., 2016; Zhang et al., 2017). Among those, annealing is one of the most versatile methods for material crystallization as it is simple in use and allows easy scaling. Several reports have indicated that applying an annealing procedure, that is optimized for the material and processing conditions, allows to control not only material nucleation but also the transformation from solvate phase into perovskite. This is of particular importance when strongly coordinating solvents are used. In this case, removal of solvent molecules from intermediate phases determines the transformation of the intermediate phase into perovskite and, as a result, the quality of materials (Tan et al., 2019; Lin et al., 2021). It has been suggested previously that prolonged annealing of >60 min at 100°C is required for complete solvent removal for high-quality materials (Saliba et al., 2018). However, similarly to solution optimization, optimization of annealing procedures is mostly done by assessment of the optoelectronic quality of the resulting materials. Therefore, an in-depth understanding of interactions of solvent and precursor in solution, as well as in solvate intermediate phases, is required for multiparameter optimization of material deposition from various solvents.
It is important to note that the exact mechanism of the perovskite formation from the various different solvate-intermediate phases is not yet understood, however, it is plausible that the ease of the transformation depends on the strength of the chemical interaction between solvent and precursor, stability of the intermediate phase, and evaporation rate of the solvent. Therefore, identifying the parameters influencing the material’s transformation from solvate intermediate phase to perovskite phase is an important step for rationalizing this process and developing strategies for the preparation of high-quality materials.
In this work, we investigate the crystallization of methylammonium lead iodide (MAPbI3) hybrid perovskites from commonly-used solvents with different physical and chemical properties as a function of temperature. The MAPbI3 hybrid perovskite was chosen as a test material because 1) the coordination of solvents mostly occurs via an interaction with Pb2+ and 2) PbI2 as the main component of other more complex perovskite compositions is responsible for the formation of solvate intermediate phases. The evolution of crystalline solvate intermediate and perovskite phases during drying of blade-coated MAPbI3 hybrid perovskite films was monitored by synchrotron-based grazing-incidence wide-angle x-ray scattering technique. The crystallization process was studied in a range of processing temperatures between 40 and 100°C. Our findings indicate that at processing temperatures below 75°C, the formation of the MAPbI3 phase from strongly coordinating solvents (dimethyl sulfoxide, dimethylformamide, n-methyl pyrrolidone) occurs dominantly via decomposition of the solvate intermediate phases. At temperatures above 75°C, the formation of perovskite and decomposition of intermediate phases can occur simultaneously. From Arrhenius plots of the formation and decomposition rate of the solvate intermediate phases as well as the formation of the MAPbI3 perovskite phase, we determined the respective activation energies for the formation and transformation of MAPbI3 from the different solvent systems. We observe that the activation energy for solvent removal from the solvate-intermediate phase correlates with the predicted coordination strength of solvent molecules to Pb in solution complexes. Our findings present the fundamental understanding of processes occurring during the formation of MAPbI3 hybrid perovskites. However, the correlations found in this work can be applied to the other more complex perovskite compositions and solvents. These results indicate an important aspect for the optimization of processing conditions for temperature-controlled hybrid perovskites deposition methods.
MATERIALS AND METHODS
For the temperature-dependent study of perovskite phase formation, 1 mol/L precursor solutions of MAPbI3 were used. The solutions contained equimolar amounts of CH3NH3I and PbI2 dissolved in anhydrous dimethyl sulfoxide (DMSO), dimethylformamide (DMF), N-methyl pyrrolidone (NMP), and gamma-butyrolactone (GBL). As-purchased GBL was kept over molecular sieves for 48 h before use. The solutions were prepared in an N2-filled glovebox, heated for 12 h at 60°C, and cooled down to room temperature before use. Grazing-incidence wide-angle x-ray scattering (GIWAXS) technique was chosen for in-situ monitoring of the formation of the intermediate phase and its transformation into the perovskite phase. The synchrotron-based GIWAXS technique allows a simple differentiation between different crystalline phases and fast acquisition times. For in-situ grazing-incidence wide-angle x-ray scattering (GIWAXS), 5 µl of the precursor solutions were deposited using manual blade-coating onto a 25 × 25 mm soda-lime glass substrate placed on an Anton Paar heating stage at T = 28°C in 6 L/h N2 flow. The wet film thickness amounted to about 8 µm for all samples resulting in about 1 µm thin films. Next, a graphite dome was attached to the heating stage over the sample. The stage was connected to a dry nitrogen bottle with 6 L/h flow of N2 and a 50 mbar overpressure valve on the outlet of the stage as shown in Scheme 1.
[image: Scheme 1]SCHEME 1 | Schematic representation of the experimental setup.
Data collection was done at the KMC-2 DIFFRACTION beamline at the BESSY II synchrotron (Többens and Zander, 2016), using radiation energy of 8,048 eV (λ = 1.5406 Å, equivalent to Cu Kα1) with flux, f = 1011 photon/s/mm2. GIWAXS geometry with incidence angle at the sample of 1° and a Valencia et al., 2000 area detector in fixed position covering an angular range from 4.8 to 15.7° 2θ was used for collecting diffraction frame every 14.2 s. The first frame was acquired 60 s after the liquid was dispensed at room temperature. The wet films were heated to the set processing temperature with a 50 K/min rate. The detector image acquisition started prior to the heating of the stage. The data obtained in the isothermal regime was used for the analysis. A new sample was used for each processing temperature regime. To obtain diffraction patterns, the 2D detector images were azimuthally integrated using in-house developed software.
RESULTS AND DISCUSSION
In-situ GIWAXS on MAPbI3 Precursor Solutions at Different Annealing Temperatures
Figure 1 shows 2D contour plots of the evolution of azimuthally integrated GIWAXS patterns of MAPbI3 thin-films processed at 40, 50, 58, 78, and 100°C as a function of time. The wet films deposited from solutions of MAPbI3 in commonly-used organic solvents (DMSO, DMF, NMP, GBL) were investigated. These four solvents exhibit different coordination strengths to lead (DMSO > DMF > NMP > GBL) and evaporation rates (DMF > GBL > NMP > DMSO) (Stevenson et al., 2017; Hamill et al., 2018; Shargaieva et al., 2020).
[image: Figure 1]FIGURE 1 | 2D contour plots of the azimuthally integrated GIWAXS detector frames obtained as a function of time during crystallization of MAPbI3 from DMSO, DMF, NMP, GBL at 40, 50, 58, 78, and 100°C. Wavelength 1.5406 Å is equivalent to Cu Kα1.
In all solvents, significant differences were observed in terms of the structure of solvate intermediate phases as well as the onset of crystallization and transformation kinetics to MAPbI3. The crystallization of MAPbI3 from DMSO occurred via the solvate intermediate phase with diffraction peaks at 6.59, 7.22, 9.16° 2θ that have been previously assigned to a phase often referred to as MAPbI3∙DMSO with the stoichiometric formula MA2Pb3I8(DMSO)2 adopting orthorhombic crystal structure with the Pbc21 space group previously reported by Cao et al. (2016). The individual diffraction pattern of the intermediate phase is shown in Supplementary Figure S2B and corresponding 2D detector images are shown in Supplementary Figure S11. The onset of crystallization of the solvate intermediate phase showed a strong dependence on the process temperature. At 40°C the onset of crystallization of MA2Pb3I8(DMSO)2 is observed after about 1,300 s, while a low-intensity perovskite phase, indicated by the peak at 14.1° 2θ is observed only after about 7,000 s. An increase of the temperature of annealing to 50°C dramatically accelerated the formation of the solvate-intermediate phase as well as transformation to the perovskite phase with onsets at 800 s and 3,000 s, respectively. Further increase of annealing temperature decreased the time difference between the crystallization of solvate intermediate phase and its transformation to perovskite phase. Annealing at 100°C led to the simultaneous evolution of both solvate-intermediate and perovskite diffraction peaks indicating the competitive formation of both phases.
The crystallization of MAPbI3 from DMF also occurred via a solvate-intermediate phase, exhibiting diffraction peaks at 6.5, 8.0, and 9.5° 2θ that were previously attributed to a solvate intermediate phase with the stoichiometric formula MA2Pb3I8(DMF)2 adopting orthorhombic crystal structure with the Pnnm space group first reported by Petrov et al. (2017). The individual diffraction pattern is shown in Supplementary Figure S2A, the corresponding 2D detector images are shown in Supplementary Figure S11. Similarly to the crystallization from DMSO solutions, an increase in the processing temperature accelerated the crystallization and formation of both the solvate-intermediate and perovskite phases. At temperatures T ≥ 78°C, the simultaneous formation of the perovskite phase and the solvate-intermediate phase is apparent. Compared to the DMSO precursor solution, the formation of MAPbI3 from DMF solutions via the DMF-solvate phase follows faster kinetics.
Crystallization of MAPbI3 from NMP-based solutions also occurs via an intermediate phase with diffraction peaks at 8.2 and 9.4° 2θ. The position of the individual peaks is indicated in Supplementary Figure S2C and corresponding 2D detector images are shown in Supplementary Figure S12. The diffraction peaks were previously associated with PbI2-NMP intermediate but its structure and stoichiometry have not yet been identified (Jo et al., 2016; Li et al., 2019; Ortoll-Bloch et al., 2020). Interestingly, the film crystallized from NMP at a processing temperature of 100°C still exhibited the presence of intermediate phase even after 1,200 s and only processing at 120°C allowed the formation of the perovskite phase without the formation of intermediate phase (see Supplementary Figure S1).
Processing of MAPbI3 from GBL solutions exhibits the presence of an amorphous sol-gel solvate phase with a characteristic broad signal at low diffraction angles (2θ < 6) during the early stages of drying (Lee et al., 2020). Further solvent removal led to the crystallization of wet film directly to the perovskite phase with only a small amount of a crystalline solvate-intermediate phase indicated by a low-intensity diffraction peak at 8.1° 2θ. The position of the individual peaks is indicated in Supplementary Figure S2D. The corresponding 2D detector images are shown in Supplementary Figure S12. In a previous report, we show that an intermediate phase with similar lattice spacings as the DMF solvate phase (MA2Pb3I8(DMF)2) is formed also in GBL (Shargaieva et al., 2020). It was found that the GBL solvate-intermediate phase is highly sensitive to the presence of water in the precursor solution (Shargaieva et al., 2020). Therefore, the low-intensity peak of the intermediate phase from GBL might indicate the suppression of the solvate phase formation due to the presence of water. This behavior is consistent with other reports where crystallization of MAPbI3 from GBL has been observed only through the direct formation of the perovskite phase (Ma et al., 2019).
For all precursor solutions studied, the increase of temperature facilitates the removal of solvent molecules. Solvent evaporation leads, for most cases, to the crystallization of solvate-intermediate phases indicating that these are thermodynamically more favored compared to the MAPbI3 phase. Therefore, it is plausible that the decomposition of the intermediate phase through solvent removal is required for the formation of the perovskite phase. At higher processing temperatures, however, the formation of solvate-intermediate phases can be suppressed and the crystallization occurs through the perovskite phase likely as the kinetics of solvent removal outcompetes the formation of the solvate-intermediate phases.
Schematic Model of Competitive Formation Processes and Phase Formation Kinetics
In order to analyze the evolution of the intermediate and MAPbI3 perovskite phases as a function of time, we distinguish the different processes occurring during perovskite crystallization as schematically shown in Scheme 2 with structures of complexes and intermediate phases of MAPbI3 in DMSO used as an example. The crystallization from other solvents occurs via different intermediate phases, however, the generalized approach for the description of processes should be applicable for most solvent systems. The first process corresponds to the increase of concentration of complexes in the solution due to solvent evaporation. This results in the precipitation of the intermediate phase from the solution at a moment of time t1 as shown in Scheme 2A. In our experiments, only a product of the reaction–crystalline intermediate phase–can be detected due to the nature of the measurement technique. During the second process, the formed intermediate phase undergoes decomposition due to further solvent removal which can be observed as a decrease of the peak intensity at the moment of time t2 indicating a decrease of the amount of the phase as depicted in Scheme 2B. At the same time, the intermediate phase acts as a reagent for the formation of the perovskite phase as shown in Scheme 2C. In this case, the removal of the solvent from the intermediate phase should occur at the same rate as the formation of the perovskite phase assuming that process 1 has completely finished. However, it is possible that reconstruction of the intermediate phase into perovskite may involve a multistep process or the formation of a transition phase that due to its distorted or amorphous nature cannot be detected by diffraction-based methods. Additionally, it is plausible that the evolution of the signal intensities of the intermediate phase is affected by simultaneous processes a, b, and c. In the case of simultaneous processes, when t2 is approaching t1 (Scheme 2D), the intermediate phase concentration does not reach its maximum value as it is consumed at the same time as it forms. At higher processing temperatures, the perovskite phase may also form directly from the solution-precursor due to fast solvent removal. Therefore, the experimental kinetic traces discussed below may deviate from idealized representation as shown in Scheme 2.
[image: Scheme 2]SCHEME 2 | Schematic representation of processes occurring during crystallization of MAPbI3 from solution complexes to perovskite semiconductor (top) and kinetic curves for these processes (bottom).
Kinetics of Crystallization at Different Temperatures
To assess the relationship between intermediate and perovskite phases, the rate of the intermediate phase decomposition and MAPbI3 phase formation need to be compared. In Figure 2, we compare the evolution of intermediate and MAPbI3 perovskite phases from different solvents as a function of time and processing temperature. The kinetic traces were derived by integration of the characteristic diffraction peaks of the intermediate (A(interm)) and perovskite (A(pero)) phases as a function of time. The full data sets are shown in Supplementary Figures S3–6. We chose to perform the analysis only on one diffraction peak for each intermediate phase. These were the peaks at 7.22, 6.5, 8.2, and 8.1° for the films deposited from DMSO, DMF, NMP, and GBL, respectively. Additionally, the analysis on three different crystallographic directions (110, 020, and 120) of the (MA)2Pb3I8 (DMF)2 phase at 6.5, 8.0, 9.5° 2θ was performed for comparison indicating similar kinetics as shown in Supplementary Figure S7.
[image: Figure 2]FIGURE 2 | Top) Simulated evolution of the fraction of solvent over time at different temperatures. Bottom) Fraction of intermediate phase peak, x(interm), (open symbol) and fraction of perovskite phase to be formed, 1-x(pero), (solid symbol) were obtained from integration of x-ray diffraction patterns during crystallization at different temperatures noted on the graphs.
Important to note is that the diffraction peak intensity depends on a variety of parameters such as the grain size, shape, orientation, and scattering factors, which are not directly related to the amount of a crystalline phase. To define an analytical expression for the degree of transformation, the peak area was normalized by a predicted peak area corresponding to its maximum value (Amax). This way, the normalized peak intensity corresponds to a fraction of the converted material (x) and, therefore, can be compared across different processing temperatures. To obtain the maximum value of the peak area, Amax, the experimental curves in the data range corresponding to the formation of intermediate and perovskite phases were fitted with Johnson–Mehl–Avrami–Kolmogorov (JMAK) model (Avrami, 1939; Fanfoni and Tomellini, 1998) expressed as the following equation:
[image: image]
where A is peak area, Amax is maximum peak area corresponding to full conversion, t-time, t0-the onset of the process similar to t1 and t2 in Scheme 2, k-reaction rate constant, n-reaction order. The JMAK model (Eq. 1) is largely applied for the calculation of solid phase transformations, however, in recent reports, it has been successfully applied for the investigation of perovskite crystallization kinetics from in-situ XRD patterns (Moore et al., 2015; Pool et al., 2017; Suchan et al., 2020). The obtained values of Amax are summarized in Supplementary Table S1. The normalized peak areas (A/Amax) of the intermediate phases (x(interm)) of different solvents at different processing temperatures are shown in Figure 2 as open symbols.
To allow direct visual comparison of the decomposition of the solvate-intermediate phase and formation of the MAPbI3 perovskite phase, the normalized peak intensity of the MAPbI3 phase formation was plotted as 1-x(pero) corresponding to the amount of perovskite phase to be formed (Figure 2 solid symbols). If the perovskite phase is mainly formed via decomposition of the intermediate phase, the relation between the respective amount of these crystalline phases can be expressed as x(interm) = 1-x(pero).
The kinetic traces in Figure 2 clearly show a strong dependence of the onset of crystallization of the solvate-intermediate phases on the processing temperature across all studied solvents. To estimate the correlation between the onset of solvate phase crystallization and the concentration of the precursor solution, the evaporation rate of solvents was estimated based on the previously described evaporation model (Shargaieva et al., 2020). The model describes the evaporation of non-coordinated solvent molecules and, therefore, accounts solely for the physical properties of solvents. The onset of crystallization was determined as the moment of the appearance of diffraction peaks of crystalline phases.
The onset of crystallization at different temperatures often correlates with the range of a dramatic change of solvent fraction. The fraction of solvent at the moment of crystallization is increasing with the increase of the processing temperature as shown in Supplementary Figure S10. This indicates that at lower processing temperatures (e.g., RT - 50°C) solutions can reach supersaturation due to slow solvent evaporation leading to a higher concentration than the solubility limit. The estimated amount of solvent at the onset of crystallization is summarized in Supplementary Table S5. At higher processing temperatures (e.g., 100°C), when the evaporation rate of solvent is higher than solvent diffusion, spontaneous nucleation can occur locally even when large total amounts of solvent are still present. In addition, we observe that at higher processing temperatures the formation of the MAPbI3 perovskite phase competes with the formation of solvate-intermediate phases. This is likely because, at higher solvent evaporation rates, the concentration of solvent molecules decreases dramatically preventing their incorporation into the intermediate crystal structure and, thus, leading to the direct formation of the perovskite phase.
In the solvate-intermediate phase, solvent molecules are incorporated into the crystal lattice. Hence, their removal depends on the binding strength of the solvent within the crystalline matrix rather than the evaporation rate of non-bound solvent molecules. The strength of solvent coordination within the crystalline intermediate phases can be estimated from the transformation kinetics of the solvate to the MAPbI3 phase. At low temperatures (40, 50°C) the kinetic curves of the DMSO and DMF intermediate phases (Figures 2A,B) reached a plateau indicating that the majority of deposited material formed the crystalline intermediate phase. At higher temperatures, the curves never reach the plateau and quickly transition into the decomposition regime indicating simultaneous formation and decomposition, as well as the direct formation of MAPbI3, as illustrated in Scheme 2D. For the DMF and DMSO precursor solutions crystallizing at low temperature, the decomposition of the solvate phase and formation of the perovskite phase correlate, as clearly visible from the comparison of x(interm) and (1-x(pero)) in Figure 2. This correlation indicates a direct transformation from the solvate to the perovskite phase. Small deviations observed in the x(interm) in the early stages of decomposition likely occur due to a rapid decrease of crystalline size upon removal of solvent.
Crystallization of MAPbI3 from the NMP precursor solutions exhibits two different regimes of crystallization. In the first regime, a rapid decrease in the amount of the intermediate phase is observed. In the second regime, a much slower transformation rate of the intermediate phase into the perovskite phase is observed. This behavior can be interpreted as a fast nucleation step preceding a second crystal growth or ripening step. This observation suggests that perovskite formation from NMP occurs via a different mechanism than from DMSO, DMF, and GBL. This difference in the transformation behavior is probably related to the differences in the nature of the solvate intermediate phases. While DMSO and DMF have been suggested to form solvate phases incorporating both solvent and MA molecules, NMP has been suggested to form a solvate phase only incorporating the lead iodide precursors, PbI2-NMP, as previously suggested by Jo et al. (2016). In this case, the MA cation would likely be bound in another, secondary, phase and becomes incorporated only during the transformation step.
Interestingly, different behavior can be observed during the formation of GBL-based wet thin films. Solvent removal led to the crystallization of the materials directly to the perovskite phase following fast formation kinetics. The intermediate phase was formed after the majority of the material has crystalized.
Activation Energy of Phase Transformations
From the temperature dependence of the transformation from solvate intermediate to MAPbI3 perovskite phase, the activation energies for the formation of the solvate phases as well as solvent removal from the solvate phase can be estimated. The reaction rate constants, k, can be obtained from the JMAK fits of the experimental data similarly as it was done for the determination of Amax. In addition to the reaction rate constant, the kinetic curve is also defined by the n parameter. The parameter n, according to JMAK theory, describes the mechanism of the crystallization process in terms of dimensionality of the formed nuclei. Therefore, to compare values of k of different experiments, first, we estimate a common value of n for the kinetic curves obtained for the same solvent within the same process. Estimation of n values was done by plotting the kinetic curves in Sharp-Hancock coordinates ln(ln(1-x)) vs. ln(t-t0). The values of n were determined from the slope of a linear fit of the data in Sharp-Hancock coordinates and rounded to the nearest integer. The Sharp-Hancock fits of the data are shown in Supplementary Figure S8. The detailed methodology, as well as the summary of the fitting parameters, are shown in Supplementary Information and Supplementary Table S2.
Using the Sharp-Hancock method, analysis was conducted for the intermediate phase formation range of the data. Estimated values of n were n = 3 for DMSO, n = 2 for DMF, and n = 3 for NMP. According to the JMAK model, the values of n of the intermediate phase formation indicate that crystallization in DMSO and NMP occurs via formation and growth of 2D platelets, while in DMF—1D rods assuming sporadic nucleation. The values of n = 1 obtained for the perovskite formation from DMF, DMSO, and NMP indicate that the process of the intermediate phase decomposition and perovskite phase formation is limited by the diffusion of the species. In GBL, the formation of the perovskite phase precedes the formation of the intermediate phase and, thus, corresponds to the nucleating species. Therefore, the process in GBL can be described by 1D crystallization of rods assuming sporadic nucleation. Using obtained n values, the experimental data was fitted with the JMAK model described in Eq. 1. The data range corresponding to the decomposition of the intermediate phase was fitted with a modified JMAK-equation for the description of the decomposition process:
[image: image]
Fitting the intermediate phase decomposition and perovskite phase formation was done in the overlapping range of the data corresponding to the formation of perovskite from the solvate intermediate phase. The fitted curves and the summary of fitting parameters are shown in Supplementary Figure S9 and Supplementary Table S3. The obtained values of the reaction rate constant, k, were used for calculation of the activation energy required for the formation of perovskite phase from intermediate phase using the Arrhenius equation:
[image: image]
where k is the reaction rate constant, I is the interaction factor, Ea is the activation energy, R is gas constant, and T is temperature. Important to note that the prediction of the reaction rates with the JMAK model assumes homogeneous nucleation and is sensitive to the number of growing nuclei and their volume fraction. Thus, the model will likely deviate from the experiment when nucleation occurs via only a few growing nuclei (Todinov, 2000).
From the Arrhenius equation, activation energy can be obtained from the slope, –Ea/R, of the linear fit of the dependencies of the reaction rate constant on the temperature in Arrhenius coordinates. The fits obtained for the decomposition of the intermediate phase and formation of the perovskite phase from DMF, DMSO, NMP, and GBL are shown in Figures 3B,C. The obtained values of the activation energy are noted in Table 1, fitting parameters are shown in Supplementary Table S4. The same approach was applied for the calculation of the activation energy of the intermediate phase formation in DMSO, DMF, and NMP. The fitted values of k are shown in Figure 3A. The activation energies of the formation of the intermediate phase, Ea(interm form), decomposition of the solvate intermediate phase, Ea(interm. decomp), and formation of the MAPbI3 perovskite phase, Ea(pero form), are summarized in Table 1.
[image: Figure 3]FIGURE 3 | Arrhenius plot of (A) intermediate phase formation and (B) decomposition and (C) perovskite phase formation from DMSO, DMF, NMP, and GBL.
TABLE 1 | Calculated activation energies for the formation (Ea(interm form)) and decomposition (Ea(interm. decomp)) of intermediate phases and formation of perovskite phases (Ea(pero form).
[image: Table 1]As the solvate phase formation is dependent on reaching the respective critical concentration, the activation energy should reflect the thermal energy needed to facilitate solvent evaporation. As evident from Table 1, Ea(interm form)(DMF) < Ea(interm form)(DMSO) < Ea(interm form)(NMP). This trend indicates that both the physical properties of the solvent and their coordination ability influence the activation energy of intermediate phase crystallization. In particular, the high evaporation rate of DMF likely aids its removal from the film and promotes nucleation. Additionally, the high coordination ability of DMF likely stimulates the formation of the intermediate phase through coordination to precursor, thus, lowering the activation energy required for the formation of the intermediate phase. Similarly, DMSO exhibits low activation energy for the formation of the intermediate phase compared to NMP. This lower Ea(interm form) can be rationalized with the stronger coordination of DMSO molecules to the precursor in solution. However, despite higher coordination strength Ea(interm form) of DMSO is higher than that of DMF possibly due to substantially lower solvent evaporation rate. This trend is in good agreement with the calculated enthalpy of formation of the intermediate phase with DMSO and DMF reported by A. Petrov et al. (2017).
Crystallization from NMP shows a higher Ea(interm form) probably due to a combination of weak coordination strength of the solvent to precursor solution complexes and a low evaporation rate. During crystallization from GBL, only a weak peak of the intermediate phase was observed which did not allow to obtain good fitting of the data.
The activation energy of decomposition of intermediate phase Ea(interm decomp) and perovskite phase formation Ea(pero form) show similar values across different precursor solutions studied. This finding confirms our hypothesis that the MAPbI3 phase forms by decomposition of the solvate-intermediate phase. Interestingly, the activation energy of the intermediate phase decomposition shows a strong correlation with the coordination strength of the solvent molecules to lead-halide solution complexes shown to be DMSO >> DMF > NMP > GBL (Hamill et al., 2018; Shargaieva et al., 2020). This indicates that the perovskite phase is forming much more readily from solutions containing weakly coordinating solvents.
For DMF and DMSO, the activation energy for the formation of the solvate intermediate phase is clearly much lower than the activation energy for the transformation of the solvate to the perovskite phase: Ea(pero form) > Ea(interm form). This energetic difference experimentally manifests itself as a long delay between the appearance of the diffraction peaks from the intermediate phases and the MAPbI3 perovskite phase in Figures 1, 2. This proves that for both these solvents, the solvate intermediate phase presents a thermodynamically favored state that can only be avoided upon kinetically controlled process conditions. The formation of a solvate phase can be avoided when the solvent evaporation rate is high enough that the precursor solution is rapidly depleted of solvent molecules. The value of the activation energy for the formation of the perovskite phase from DMF, Ea = 89.1 kJ/mol, is in good agreement with previously reported values of Ea = 97.3 and 94 kJ/mol obtained for the formation of MAPbI3 from DMF with excess of MAI and MACl, respectively, (Moore et al., 2015; Suchan et al., 2020).
In the case of NMP, the activation energies for the formation of the perovskite and solvate intermediate phases are comparable: Ea(pero form) ∼ Ea(interm form). This observation can be interpreted as both the intermediate and MAPbI3 perovskite phases forming competitively and therefore simultaneously. The delay between the appearance of the diffraction peaks of the intermediate and perovskite phase, as seen in Figures 1, 2, is therefore very short.
In the experimental run shown here, only a minor amount of a solvate intermediate phase was found to form for the GBL precursor solution. This is likely due to the fairly low activation energy for the formation of the MAPbI3 phase determined from the experimental data as summarized in Table 1. Additionally, considering the trend in the Ea(interm form) as a function of solvent coordination strength, it is plausible to assume that Ea(interm form) of GBL would be larger than that of NMP. Thus, Ea(pero form) in GBL is likely smaller than Ea(interm form) suggesting that the perovskite phase should form much more readily and faster than the intermediate phase. This effect is apparent in the experimental data shown in Figures 1, 2 where the GBL-intermediate phase is found to appear after the appearance of the diffraction peak associated with the formation of the MAPbI3 perovskite phase. It is important to note that the formation of the GBL-intermediate phase might be suppressed due to the presence of water.
The obtained data confirms previously reported mechanisms of the formation of hybrid perovskites via crystalline intermediate phases when deposited from strongly coordinating solvents (Qin et al., 2021). When weakly-coordinating solvents are utilized, the direct formation of the perovskite crystalline phase can be observed (Deng et al., 2019). Our findings indicate that the perovskite phase can be formed even at low temperatures from solvent systems in cases where Ea(interm decomp) < Ea(interm form). The formation from solvent systems with Ea(interm decomp) > Ea(interm form) will require a larger amount of energy supplied during annealing or usage of quenching techniques to manipulate the values of the energy barrier for the formation of the perovskite phase. This means that the formation of the intermediate phase can be suppressed in favor of the direct formation of the perovskite phase, if process conditions enable fast solvent removal. This is for instance the case, when an anti-solvent is utilized during the perovskite thin-film deposition, as demonstrated in recent reports (Dou et al., 2017; Pratap et al., 2021). The antisolvent may lower the energetic barrier for the formation of the perovskite phase by aiding solvent extraction as shown by A. Taylor et al. (2021).”
It is important to note that only crystalline phases were monitored during the crystallization process. Based on the postulated stoichiometry of the reported crystalline intermediate phases in DMSO and DMF namely (MA)2Pb3I8(Solvent)2 we conclude that only 2/3 of the materials can be formed directly through decomposition of the intermediate phase and 1/3 of the material require an additional step of incorporation of methylammonium iodide.
(MA)2Pb3I8(Solvent)2 + 1 MAI = 3 MAPbI3—2 Solvent.
We were not able to observe any secondary phases corresponding to the process of incorporation of MAI. Moreover, the kinetic curves of the perovskite formation follow the kinetics of the intermediate phase decomposition during most of the crystallization process indicating that the majority of the material is transformed according to the proposed ratio x(interm) = 1-x(pero). Since no PbI2 formation was observed during the process, we conclude that the incorporation process occurs either via the non-crystalline phase or on the time scale faster than what is achievable within our experimental conditions. Therefore, more insight into mechanistic processes occurring during the transformation of the solvate intermediate phases into the perovskite phase is needed in order to understand the influence of solvents on the processing of hybrid perovskite materials. This is of particular importance for understanding the crystallization process from other intermediate phases that do not include MAI in the crystal structure.
CONCLUSION
To summarize, we were able to rationalize the temperature-dependent crystallization process of the hybrid perovskite material MAPbI3 from different commonly-used solvents. The nucleation of the solvate intermediate phase showed a strong dependence on both the coordination strength of solvent to lead-halide solution complexes as well as its evaporation rate. Strongly-coordinating solvents such as DMSO are found to readily form solvate-intermediate phases while for weakly coordinating solvents like GBL the MAPbI3 phase may crystallize directly. From the temperature dependence of the intermediate phase decomposition and perovskite phase formation, the activation energy for solvent removal from the solvate-phase was estimated. We found the activation energy to correlate with the solvent coordination strength to lead iodide with a relative trend of DMSO > DMF > NMP > GBL. At higher processing temperatures, the MAPbI3 perovskite phase can be formed directly without the intermittent formation of the intermediate phases when processing conditions enable the fast removal of solvents. Our findings contribute to a more detailed understanding of the different roles solvents play in the formation process of halide perovskite semiconductors and enable predicting processing conditions, at which the formation of solvate-intermediate phases can be circumvented.
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