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Abstract

:

The crystallization conditions from the solution play an important role in determining the morphology, phase composition, and photovoltaic properties of perovskite films. Post-processing of the obtained films can have a crucial role in increasing the grain size of perovskite and enhancing its crystallinity. It has been shown that the formation of crystal nuclei can be utilized to accelerate crystallization. In this case, crystallization occurs through the growth of seed crystals created in the solution, enabling the formation of relatively large crystals. For the deposition of CH3NH3PbI3 hybrid halide perovskite films from a solution of the perovskite in dimethylformamide, the spin coating technique was employed. Pre-crystallization was achieved by annealing the films at a temperature of 100 or 110 °C. The dissolution process involved adding a drop of dimethylformamide onto the substrate surface and allowing it to partially dissolve the perovskite film. Subsequently, residual solvent was removed through spin coating. The morphological analysis of the perovskite film surface after recrystallization at temperatures ranging from 80 to 130 °C was performed. The infrared transmission spectra of the obtained perovskite films were investigated, and their light absorption characteristics were studied through transmission spectra. The perovskite structure in the obtained films was confirmed by the peaks observed in the X-ray diffraction patterns. It has been shown that the photocurrent values for solar cells with perovskite films obtained by recrystallization are 15–20% higher than those of perovskite films obtained by traditional crystallization methods.
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1. Introduction


Halide perovskites are materials with the general formula ABX3, where “A” corresponds to monovalent cations such as organic methylammonium (CH3NH3, MA) and formamidinium (CH(NH2)2, FA) or inorganic cation such as cesium (Cs) and rubidium (Rb). “B” represents a heavy divalent metal such as lead (Pb) or tin (Sn), and “X” represents a halogen anion (i.e. Cl, Br, I). One of the main methods for obtaining hybrid perovskite films with a crystalline structure is the growth of crystals by heating the solution [1,2,3,4,5,6,7]. The morphology of perovskite film crystals obtained by the solution method is determined by the composition of the solution, the type of solvent, the method, and the conditions of crystallization [8,9]. This method allows the production of perovskite films with a crystalline structure in a single stage. Its implementation is achieved by the crystallization of concentrated solution (1.0–1.4 M) of hybrid perovskites in aprotic solvents, such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) [10]. At the same time, the production and crystallization of hybrid perovskites is a complex multi-stage process, involving the formation of intermediate phases, such as crystal solvates [10], and their subsequent decomposition. For example, dimethylformamide can form a crystal solvate type PbI2 · DMF with lead iodide [11], or form crystal solvates MAPbI3 · DMF [12]. The crystallization of MAPbI3 from DMF leads to the formation of an intermediate phase, indicated by the light-yellow color of the crystallization product [13]. The presence of crystal solvates in the solution leads to the formation of needle crystals during crystallization, which results in incomplete coverage of the substrate surface. This significantly complicates the task of obtaining a perfect perovskite crystal structure on the substrate.



Currently, various technological approaches have been proposed to improve the morphology of perovskite films [9,14,15,16,17,18,19,20]. Their application during the crystallization of perovskite solutions can induce rapid nucleation processes. It has been established that the addition of anti-solvent makes it possible to obtain uniform perovskite films with a high degree of crystallinity from DMSO and DMF/DMSO solutions [9,17,18]. For instance, one such approach is the deposition of the solution at an elevated temperature onto a preheated substrate. Another approach that can be utilized for this purpose is the anti-solvent method. In this case, immediately after obtaining the perovskite film from the solution, it is further treated with a solvent. As a result, a thin liquid layer consisting of a mixture of solvents forms on the film’s surface, which promotes rapid nucleation of the crystal solvate phase [17,19]. Annealing the film at a temperature of 100–150 °C leads to the decomposition of the crystal solvate, followed by uniform crystallization of the perovskite [17,19].



The aforementioned information demonstrates that the crystallization conditions from the solution play a crucial role in determining the morphology, phase composition, and photoelectric properties of perovskite films. Therefore, a significant research direction in the field of hybrid perovskites is the search for conditions and processing regimes that enable the production of perovskite films with large grain sizes [9,21]. This is particularly relevant for obtaining perovskite films with a high degree of crystallinity [9,17,18,22]. For instance, it has been shown in [9] that annealing the films in solvent vapors leads to an increase in grain size. However, the post-treatment regimes that can improve the crystal structure of perovskite films are still poorly understood at present.




2. Materials and Methods


The spin coating method was used to deposit hybrid halide perovskite films onto substrates using a 30% solution of perovskite in dimethylformamide (DMF). In the case of the solution-based method, the choice of solvent for the organic and inorganic components determines characteristics, such as morphology, crystallization process, thickness, and homogeneity of the perovskite films. Therefore, the physical parameters of the solvent significantly influence the formation of perovskite films. Table 1 presents the main physical parameters of the DMF solvent [9].



Slides made of regular silicate glass (25.4 × 76.2 mm2) were used as substrates, from which samples measuring 2.0 × 2.0 mm2 were cut. The glass substrates with a layer of FTO (fluorine-doped tin oxide) were washed with water containing a surfactant. To remove grease contamination from the glass, they were treated with isopropyl alcohol heated to 60 °C, followed by rinsing with distilled water and air-drying at 70 °C. Prior to applying the perovskite film, the glass substrates were additionally treated with acetone dried with calcium chloride.



The overall scheme of the process for obtaining and crystallizing the hybrid halide perovskite film with the CH3NH3PbI3 composition is presented in Figure 1. Excess perovskite solution was removed during substrate rotation.



After the pre-treatment operation, we proceeded to the deposition of the perovskite solution onto the substrate. To do this, a threefold mass excess of lead iodide powder dissolved in DMF was added to the solution containing methylammonium iodide (molar ratio MAI/PbI2 = 1:1). Prior to the deposition, the glass substrates were placed on a preheated centrifuge table at 90 °C, and then a drop of concentrated solution of methyl-ammonium-triiodide lead (MAPbI3) in DMF was applied to the center of the glass sample. A SPIN-1200T (Midas System Co., Ltd., Daejeon, Republic of Korea) equipment was used for spin coating film deposition. Heating and annealing of the samples were performed using an ND-1A laboratory hotplate (As One Corporation, Nishi Ward, Osaka, Japan). During the experiments, nitrogen gas was supplied to the centrifuge box, and the centrifuge table was rotated at a speed of 600 revolutions per minute for 1 min in a nitrogen atmosphere.



The crystallization process was carried out by annealing at temperatures of 80, 90, 100, 110, 120, and 130 °C for 20 min in a nitrogen atmosphere. In the next step, a drop of DMF was added to the substrate and left for 30–40 s for partial dissolution of the perovskite layer. Next, the sample was placed on the centrifuge table and rotated at a speed of 600 revolutions per minute for 20 s. The obtained samples were then annealed at temperatures of 100 and 110 °C.



The surface morphology of the MAPbI3 films after crystallization was examined using an optical microscope “POLAM-R-312” (LOMO, St. Petersburg, Russia) with a video camera at a magnification of 500 times. The crystallization process of the CH3NH3PbI3 perovskite material was accompanied by the formation of a granular film structure with a color change from yellow to dark grayish-yellow.



AFM experiments were performed using Ntgera Prima nanolaboratory (NT-MDT Spectrum Instruments, Zelenograd, Russia) using the contact mode. Commercial etched silicon tips NSG 01 with typical resonance frequency of 150 kHz were used as AFM probes.



X-ray phase analysis of the obtained perovskite film was performed using a high-resolution “UltimaIV” Rigaku X-ray diffractometer (Rigaku Corporation, The Woodlands, TX, USA) with a CuKα line source. The operating parameters of the X-ray source were set at an accelerating voltage of 40 kV and a tube current of 30 mA. The measurement parameters were as follows: angle interval 2θ = 5–60°, scanning speed 5.0°/min.



The transmittance spectra of the perovskite films were measured using a PE-5400 UV spectrophotometer with a spectral slit width of 4.0 nm.



Planar perovskite cells with the FTO/NiOx/CH3NH3PbI3/TiO2/Al structure, protected on both sides by glass, were applied for solar cell fabrication (Figure 2). TiOx electron transport layer was formed by anodization of thin Ti layer on aluminum. NiOx hole transport layer was deposited by vacuum sputtering.



The photocurrent curves were collected in air with a Keithley 2400 source meter under simulated irradiation (100 mW/cm2) generated by a solar simulator. By comparing current–voltage curves, the effect of the proposed crystallization modes of perovskite films on increasing the current efficiency was shown.




3. Results and Discussion


One way to accelerate crystallization can be by the preliminary formation of crystal nuclei. In this case, crystallization occurs through the growth of nucleated crystals in the solution, allowing for the formation of relatively large crystals.



Several studies have shown that the optimal annealing temperature for perovskite crystallization from a solution, resulting in a highly crystalline film, is about 110 °C [8,11,23,24]. However, there is no available data in the literature regarding the optimal annealing temperature for re-crystallization (secondary crystallization) from a perovskite solution. Therefore, conducting experimental investigations to determine the optimal annealing temperature in the range of 80–150 °C is of great interest. The obtained results of crystallization can contribute to an increase in the perovskite grain size and an increase in the crystallinity of the formed film.



Figure 3 shows the initial surface morphology of the perovskite film after crystallization from a perovskite solution with an annealing temperature of 110 °C (pre-crystallization). As can be seen from Figure 3, after the initial annealing, the surface of the perovskite film exhibits the formation of individual crystal nuclei, which subsequently grow in size. The crystal grains have a round shape and are randomly distributed throughout the surface of the perovskite film. As a result, the film surface is not entirely covered with crystals.



Figure 4 presents the morphology images of the perovskite films (pre-annealed at 110 °C) after partial dissolution of perovskite surface in DMF and subsequent re-crystallization in the temperature range of 80 to 110 °C. As evident from the obtained results, the re-crystallization process is accompanied by the growth of a large number of crystals.



To explain the influence of the annealing temperature on the perovskite solution, it is important to note that crystallization is accompanied by two main simultaneous processes: the formation of crystal nuclei and crystal growth.



The formation of crystal nuclei occurs through spontaneous crystallization. As seen in Figure 4, the annealing at 80 and 90 °C induces the formation of randomly shaped crystals. It can be assumed that an increase in annealing temperature leads to an increase in the crystal growth rate. If this rate is higher than the nucleation rate, it results in larger grain sizes. This is well illustrated in Figure 4 for samples annealed at 80 and 90 °C. On the other hand, during recrystallization with an annealing temperature of 110 °C, the formation of crystals with a uniform distribution over the entire film surface is observed. This indicates equilibrium between the processes of crystal growth and nucleation in the film, where the growth rate and nucleation rate are equal. Increasing the annealing temperature above 130 °C disrupts this equilibrium, resulting in a higher nucleation rate than the growth rate (Figure 5).



This should lead to the formation of a large number of nuclei and, consequently, the formation of small crystals. As seen in Figure 4, as the annealing temperature increases from 130 °C to 150 °C, the grain size significantly decreases, and the number of crystals increases. Figure 6 shows, using AFM images (the atomic force microscopy method in the contact mode in the NTEGRA Prima nanolaboratory), that there are no pinholes on the surface of the perovskite film after recrystallization.



Table 2 presents the results of grain size determination for different annealing temperatures based on the data presented in Figure 4 and Figure 5.



Thus, the temperature of 110 °C, at which the growth rate of crystals and the nucleation rate are balanced in the formed perovskite film, is optimal for the crystallization of the perovskite solution. Annealing at this temperature makes it possible to form a granular structure in the perovskite film with the largest grain size and close-packed crystals over the entire surface of the film.



Figure 7 shows the results of the investigation of freshly prepared perovskite films using infrared (IR) spectroscopy. The IR spectrum of the obtained films indicates the presence of N-H and C-H bonds, confirming the presence of perovskite compounds. The most intense doublet peak in the perovskite film spectrum, with absorption maxima at 3132 and 3179 cm−1, can be attributed to the symmetric and asymmetric vibrations of N-H bonds, which are associated with NH3+. The characteristic vibrations of C-H bonds are also observed, with absorption frequencies at 2921 and 2951 cm−1 for symmetric and asymmetric vibrations, respectively.



The light absorption characteristics of the samples were investigated using transmission spectra. Figure 8 shows that the sample with a crystallization temperature of 110 °C exhibits better absorption in the visible range (400–700 nm) compared to the sample obtained at 130 °C. This result may be attributed to the improved crystallinity of the perovskite film in the sample with a crystallization temperature of 110 °C. For the perovskite film after recrystallization at 130 °C, there are some regions of low absorption between individual crystals, which leads to higher transparency of such a film compared to a film after recrystallization at 110 °C, with a tighter packing of crystals on the surface.



XRD characterization has been performed to identify the phases present in the synthesized films. The X-ray diffraction pattern of the CH3NH3PbI3 perovskite film after crystallization at T = 110 °C are shown in Figure 9. The peaks in the X-ray diffraction pattern (2θ: 14.12 (110), 28.41 (220) and 43.19 (330)) indicate the formation of the tetragonal perovskite structure of CH3NH3PbI3.



Investigation of the photoelectric properties of planar perovskite solar cells with the FTO/NiOx/CH3NH3PbI3/TiO2/Al structure, protected on both sides by glass, revealed that, for the perovskite films obtained after re-crystallization, a current of approximately 20 mA/cm2 was generated at a voltage of 716 mV under an artificial light intensity of 100 mW/cm2 (Figure 10).



The photocurrent values for these samples were 15–20% higher compared to perovskite films obtained through conventional crystallization.




4. Conclusions


It has been shown that the conditions of crystallization from solution play a crucial role in determining the morphology and photoelectric properties of perovskite films.



To accelerate the crystallization process, the pre-formation of crystal nuclei has been proposed. In this approach, crystallization occurs through the growth of nuclei created in the solution, allowing the formation of relatively large crystals. It has been demonstrated that post-treatment of the obtained perovskite films through recrystallization can improve the crystal structure.



It is hypothesized that, during the crystallization of perovskite film from the solution, two competing processes occur simultaneously: the formation of crystal nuclei and crystal growth, which determine the morphology and crystal sizes of the formed films. It should be noted that the formation of nuclei occurs through spontaneous crystallization. In the case where the crystal growth rate exceeds the nucleation rate, the formation of randomly shaped crystals is observed (recrystallization with annealing temperature of 90 °C). When the rates of these two processes are equal, uniform distribution of crystals across the film surface takes place (recrystallization with annealing temperature of 110 °C). In the case of imbalance, with nucleation rate exceeding the crystal growth rate, the formation of small crystals occurs (recrystallization with annealing temperature of 130–150 °C). Thus, the temperature of 110 °C, at which the crystal growth and nucleation rates in the perovskite solution are balanced, is optimal for the recrystallization of the CH3NH3PbI3 perovskite films.



Investigation of the photoelectric properties of planar perovskite cells with the structure FTO/NiOx/CH3NH3PbI3/TiO2/Al, protected on both sides by glass, has shown that the photocurrent values for perovskite films obtained through recrystallization were 15–20% higher than those of perovskite films obtained through conventional crystallization methods.
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Figure 1. The overall scheme of the process for obtaining and crystallizing a film of CH3NH3PbI3 hybrid halide perovskite. 
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Figure 2. Schematic multi-layer structure of planar perovskite solar cell. 
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Figure 3. Images of the samples with the perovskite film obtained by spin coating deposition after initial annealing. (a) Initial morphology of the surface of the perovskite film after crystallization from a perovskite solution with annealing temperature of 110 °C (pre-crystallization), (b) Cross section of glass sample with the perovskite film obtained by spin coating deposition (average thickness of about 2000 nm). 
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Figure 4. Morphology of perovskite films (pre-annealing at 110 °C) after partial dissolution of the perovskite surface in dimethylformamide and subsequent recrystallization in the temperature range of 80 to 110 °C. (a)—at 80 °C, (b)—at 90 °C, (c)—at 100 °C, (d)—at 110 °C. 
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Figure 5. Morphology of perovskite films (pre-annealing at 110 °C) after partial dissolution of the perovskite surface in dimethylformamide and subsequent recrystallization in the temperature range of 120 to 150 °C. (a)—at 120 °C, (b)—at 130 °C, (c)—at 140 °C, (d)—at 150 °C. 
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Figure 6. AFM images of morphology of perovskite films (pre-annealing at 110 °C) after partial dissolution of the perovskite surface in dimethylformamide and subsequent recrystallization at the temperature of 140 °C. (a) 2D image, (b) 3D image. 
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Figure 7. IR transmittance spectra of the CH3NH3PbI3 perovskite films after crystallization at an annealing temperature of 110 °C and 130 °C. 
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Figure 8. Transmittance spectra in the visible region of the CH3NH3PbI3 perovskite films after crystallization at annealing temperatures of 110 °C and 130 °C. 






Figure 8. Transmittance spectra in the visible region of the CH3NH3PbI3 perovskite films after crystallization at annealing temperatures of 110 °C and 130 °C.



[image: Crystals 14 00376 g008]







[image: Crystals 14 00376 g009] 





Figure 9. X-ray diffraction pattern of the CH3NH3PbI3 perovskite film after crystallization at T = 110 °C. 
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Figure 10. J–V curves of planar perovskite solar cells with perovskite films after recrystallization (pre-recrystallisation at 110 °C, recrystallization at 110 °C) and without recrystallization (crystallization at 110 °C). 






Figure 10. J–V curves of planar perovskite solar cells with perovskite films after recrystallization (pre-recrystallisation at 110 °C, recrystallization at 110 °C) and without recrystallization (crystallization at 110 °C).



[image: Crystals 14 00376 g010]







 





Table 1. Main physical parameters of the DMF solvent [9].
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	Solvent
	Boiling Point, °C
	Vapor Pressure, mmHg (20 °C)
	Density, g/mL (25 °C)
	Viscosity, mPa·s (25 °C)





	DMF
	153
	2.70
	0.9445
	0.8










 





Table 2. Average grain sizes of perovskite film crystals after recrystallization for different annealing temperatures.






Table 2. Average grain sizes of perovskite film crystals after recrystallization for different annealing temperatures.





	Annealing Temperature, °C
	Average Grain Diameter, μm





	80
	12.7



	90
	20



	100
	31.5



	110
	32.0



	120
	14.5



	130
	9.9



	140
	5.0



	150
	4.8
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