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Abstract

:

The nucleation site plays a critical role in achieving the full coverage of perovskite film at both the macroscopic and microscopic scales, and it is systematically investigated for the first time in this study. The results show that under natural conditions, the incomplete coverage of perovskite film is due to both heterogeneous nucleation and homogeneous nucleation. The established concentration field and temperature field in the precursor solution show that there are two preferential nucleation sites, i.e., the upper surface of the precursor solution (homogeneous nucleation) and the surface of the substrate (heterogeneous nucleation). The nucleation sites are tuned by decreasing the drying pressure from the atmosphere to 3000 Pa, and then to 100 Pa, and then the microstructures of the perovskite films change from an incomplete coverage state to a monolayer full coverage state, and then to a bilayer full coverage state. At last, when the full coverage perovskite films are assembled into perovskite solar cells, the photovoltaic performance of the monolayer perovskite solar cells is slightly greater than that of the bilayer perovskite solar cells. The electrochemical characterization shows that there is more restrained internal recombination of the monolayer perovskite solar cells compared with bilayer perovskite solar cells.
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1. Introduction


Ever since the first evidence emerged that hybrid organic-inorganic lead halide perovskites should be a candidate for high performance photovoltaic devices, strong research effort has been mainly divided into two directions: Improving the conversion efficiency [1,2] and enhancing environmental stability [3,4]. For perovskite solar cells (PSCs) with planar configuration, which are low cost and more suitable for industrialization, both the high conversion efficiency and high environmental stability strongly depend on the full coverage state of the perovskite film (PVK) at both macroscopic and microscopic scales on the substrate [5,6]. Until now, many approaches have been attempted to realize the scalable full coverage perovskite film [7,8,9]. Considering the one-step solution fabrication process is a promising method for the preparation of perovskite film, due to its easy operation, low cost, and no reverse reaction [10,11], a number of approaches have been explored to control the steps that link the initial precursors to the final perovskite film during the solution fabrication process.



Regarding the preparation process, replacing precursor species [12,13], manipulating the ratio of precursors [14,15,16], adding additives in the precursor solution [17,18,19], treating the substrate surface [20,21], as well as enhancing solvent evaporation [22,23], have been proved to be efficient approaches to increase the coverage ratio or even to realize the full coverage state of the perovskite films, and the various correlations between the microstructures of the perovskite films and their photovoltaic performance have been established. Due to the promising results, the underlying scientific issues of the solution fabrication process, related to the correlation between crystallization behavior (supersaturation, nucleation and growth up) attract a lot of attention of the researchers. Previous results have showed that tuning the nucleation and growth up behavior of the perovskite is an efficient procedure to control the microstructure of the perovskite film [20,24,25,26]. For example, Bi et al. [20] and Kim et al. [24] changed the surface energy of the hole transport layer to manipulate the heterogeneous nucleation, and the enlarged perovskite grains were prepared for the high performance PSCs. Ren et al. [26] proposed a temperature-assisted rapid nucleation method to realize fast crystallization of perovskite film, and they thought the growth of homogeneous nuclei would result in a dense perovskite film. In addition, by manipulating the competition between nucleation and growth [27] and by restraining the overgrowth of localized crystals [28], the coverage ratio of the perovskite film could be improved. In all, it is important to effectively control and optimize the coverage ratio of the perovskite film through the guidance of crystallization crystallography, which has been widely proved to be an efficient way of manipulating the microstructures of crystals [29,30,31,32].



To prepare the full coverage state of the perovskite film on both the macroscopic and microscopic scales, firstly, the nuclei should appear at the rough substrate surface; secondly, they should grow up not only along the out-plane direction (perpendicular to the apparent substrate surface), but also along the in-plane direction (parallel to apparent substrate surface); at lastly, the perovskite crystals should contact each other in a crosswise direction and subsequently, grow up only in the out-plane direction [33]. The uniform, close-packed, columnar crystal microstructure is benefit for sufficient light absorption [34], as it restrains internal recombination [35] and decreases contact with water/oxygen [36]. Considering the nucleation is the original step of the crystallization process, therefore, it is desirable to investigate the nucleation behavior which is one of the most important components of crystallography in the solution fabrication process of perovskite film.



In this study, to investigate the nucleation behavior in perovskite precursor solution, the surface morphologies and cross-sectional views of the perovskite films prepared under natural drying conditions are systematical characterized, and it is surprisingly found that the incomplete coverage perovskite film is formed by both heterogeneous and homogeneous nucleation. To establish the fundamental physics from the nucleation site to the full coverage state at both macroscopic and microscopic scales, the temperature field and concentration field of the precursor solution are analyzed, and it is shown there are two separate preferential nucleation sites at the surface of precursor solution and the surface of the substrate. By tuning the nucleation sites, the perovskite films change from incomplete coverage to monolayer full coverage, and then to bilayer full coverage. At last, when both full coverage films are assembled into solar cells, the photovoltaic performance of the monolayer perovskite solar cells is slightly greater than bilayer perovskite solar cells.




2. Materials and Methods


2.1. Precursor and Perovskite Film Preparation


Lead iodide (PbI2, reagent grade) and methylammonium iodide (ICH3NH3, reagent grade) purchased from Xi’an Polymer Light Technology Corp. (Xi’an, China) were used as the solute. N,N-dimethylformamide (DMF, reagent grade) purchased from Sigma-Aldrich (Darmstadt, Germany) was used as the solvent. Transparent fluorine-doped tin oxide (FTO, TEC-15, LOF) conductive glasses were cut into 25 × 25 mm2 portions, and were employed as substrates. Before perovskite film deposition, the substrates were cleaned in ultrasonic acetone and an alcohol bath, and then they were dried using high purity nitrogen gas.



For preparation of the precursor solution, equal stoichiometric amounts of PbI2 and ICH3NH3 were dissolved in DMF under magnetic stirrer to form a 30 wt.% solution, and then kept at 70 °C for more than 5 h. For preparation of the perovskite film, firstly, the precursor solution was dropped on FTO and spin-coated at 4000 rpm for 10 s, and during the process the redundant solution had been flung off leaving solution of non-fluidity; secondly, the samples were dried under atmospheric pressure or rapidly transferred to a chamber and then dried by the gas pumping method [37], and during the process the solute became perovskite crystals through supersaturation, nucleation and the growth step. The whole gas pumping process only needed less than 1 min, and all the processes were carried out in atmosphere. To restrain the evaporation of the DMF before the second step, the laboratory temperature was kept below 25 °C.




2.2. Perovskite Solar Cell Fabrication


A TiO2 compact layer was deposited on the FTO substrate (TiO2/FTO substrate), and the TiO2 compact layer precursor was purchased from Xi’an Polymer Light Technology Corp. (Xi’an, China). Then, the perovskite film was deposited on the TiO2/FTO substrate as shown in the illustration in Section 2.1. After the as-prepared film had been annealed at 100 °C for 0.5 h, the hole transport layer (HTM) was deposited by spin-coating at 3000 rpm for 30 s, where the HTM solution consisted of 80 mg spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene), 28.5 μL 4-tert-butylpyridine and 17.5 μL lithium-bis(trifluoromethanesulfonyl) imide (Li-TFSI) solution (520 mg Li-TFSI in 1 mL acetonitrile) and 1 mL chlorobenzene. The HTM was purchased from Xi’an Polymer Light Technology Corp. (Xi’an, China). Finally, a 200 nm thick Au layer was deposited on the HTM layer by thermal evaporation.




2.3. Characterization


The surface morphologies and sectional views of the CH3NH3PbI3 films were characterized by field emission scanning electron microscopy (FESEM, TESCAN, Brno, Czech Republic). The X-ray diffraction (XRD) patterns of perovskite films and FTO substrate were characterized with an X-ray diffractometer (SHIMADZU, Kyoto, Japan) with Cu Kα radiation. The content of elements in the ultra-thin perovskite layer was determined by energy dispersive X-ray spectroscopy (EDS, Oxford, UK). The performances of the solar cells were measured by a solar simulator (100 mW·cm−2, Oriel 94023 A, Newport) equipped with a Keithley 2400 digital source meter (Tektronix, San Francisco, CA, USA). The cells were measured in an area of 0.10 cm2 under sunlight. The electrochemical impedance spectroscopy (EIS) was measured using an electrochemical workstation (IM6, ZAHNER, Kansas City, MO, USA) under illumination with an amplitude of 20 mV and a frequency range of 10−1 to 106 Hz.





3. Results and Discussion


3.1. Nucleation Behavior of the Perovskite Precursor under Natural Drying Conditions


According to the one-step solution method, under natural drying conditions, perovskite films can be simply prepared through three steps: Dropping the precursor solution on the substrate, spin-coating to get an ideal liquid film thickness, and subsequently drying to remove all the solution naturally. It can be seen in Figure 1a that under natural drying conditions, at the macroscopic level, the perovskite film shows a dendritic structure leaving a large fraction of incompletely covered areas surrounded by the dendritic structures, as illustrated in previous literature [38,39]. However, through careful observation, it can be seen that the tail ends of the dendritic structures appear to overlap, which are indicated by red arrows in Figure 1a. When we put one of the tails ends in a high magnification (as shown in Figure 1b), it is found that the tail ends of the dendritic structures stack together, indicating there are multilayer perovskite films there; this is indicated by the red dotted circle. Furthermore, based on Figure 1b, in addition to the obvious dendritic structure, there seems to be an ultra-thin layer of perovskite film appearing in the incompletely covered areas, and one demonstration area is indicated with a blue dotted rectangle in Figure 1b. When it is in a higher magnification, the thin perovskite film is clearer (Figure 1c), and only a fraction of the incompletely covered area is really the bare substrate surface, and the other areas are actually covered with the ultra-thin layer of perovskite film. The EDS result shows that it contains Pb and I in a ratio close to 1:3 (Figure 1d). What we do not know yet is whether it is heterogeneous nucleation because it is too thin to be found in the cross-sectional view. However, we speculate that the ultra-thin perovskite film comes from pure heterogeneous nucleation.



The typical cross-sectional views of the perovskite film under natural drying conditions are also shown in Figure 2. There is not only a monolayer perovskite area, as shown in Figure 2a, but also a bilayer perovskite area, as shown in Figure 2b. We know that when the solution is under supersaturation, nucleation behavior is the original step for the crystallization process. The crystals grow up based on the nuclei. Therefore, based on the bilayer perovskite morphology, it can be deduced that there is surely homogeneous nucleation in the precursor solution. Further, it can also be deduced that under natural drying conditions, the final dendritic perovskite film is formed by crystals coming from both heterogeneous nucleation and homogeneous nucleation. Considering the unstrained supersaturation state under natural drying condition, there will be limited heterogeneous nuclei and homogeneous nuclei appearing in the precursor solution, and then based on the long solvent evaporation time, indicating long crystal growth time, there is more and more solute accumulated localized leaving the other areas having no enough solute to grow up. Therefore, there are incomplete coverage areas in the substrate.




3.2. Correlation between Nucleation Sites and Microstructures of Perovskite Films


The nucleation site is the original critical factor in achieving the full coverage of perovskite film on both the macroscopic and microscopic scales; therefore, in order to clearly understand the nucleation behavior of the perovskite precursor under any condition, the mass and heat transfer processes in the precursor solution was investigated. The thickness for the precursor solution left on the substrate after spin-coating is 3.1 μm (Figure 3a), which was calculated by measuring the solution weight, indicating measuring the weight difference between bare FTO and the precursor/FTO after spin-coating. The whole measuring process was less than 1 min, and the ambient temperature was kept below 25 °C. Both are to restrain the inaccuracy caused by evaporation of the DMF. The precursor solution thickness is much smaller than the length of the upper surface (25 mm); therefore, the evaporation from the lateral surface of the precursor solution after spin-coating can be ignored.



After spin-coating, the evaporation of the upper surface results in solute accumulation there; then, there is a decline in the concentration field from the upper surface to the substrate surface, and Figure 3b is the schematic diagram of the concentration field. Furthermore, the experimental results by us show that the evaporation of the DMF is a heat absorption process, which reduces the temperature of the upper surface, and then, there is a temperature field decline from the upper surface to the substrate surface. Figure 3c is the schematic diagram of concentration field. As the solubility of CH3NH3PbI3 in DMF decreases as the temperature decreases [40], if appropriate supersaturation is provided by the concentration field and temperature field, the upper surface of the precursor solution becomes one of the preferential sites for nucleation. The other preferential nucleation site is at the substrate surface because the energy barrier for heterogeneous nucleation is lower than that of the homogeneous nucleation (Figure 3d).



For the confined space (3.1 μm for the thickness of precursor solution), convection, which is a powerful method for homogenizing both the concentration and temperature fields, is impossible [41,42]. Therefore, the temperature and concentration homogenization processes depend on the thermal transmission and solute diffusion, separately. On one hand, the greater enhancement of solvent evaporation leads to more serious solute accumulation and temperature decline at the upper surface, which increases the supersaturation state at the upper surface (homogeneous nucleation). On the other hand, a more serious solute accumulation and temperature decline leads to greater enhancement of thermal transmission and solute diffusion from the upper surface to the substrate surface, which enhances heterogeneous nucleation and its growth. Therefore, there is a competitive relationship between the homogeneous nucleation (upper surface) and heterogeneous nucleation (substrate surface).



Under natural drying conditions, the weak evaporation of the solvent yields the unstrained competitive relationship between homogeneous nucleation and heterogeneous nucleation; therefore, the free nucleation tendency results in incompletely covered areas, monolayer perovskite areas, and bilayer perovskite areas coexisting. To enhance solvent evaporation, the low-pressure method was chosen as a demonstration, and the drying pressure to the perovskite precursor solution was decreased from atmospheric pressure to 3000 Pa, and then to 100 Pa. The surface morphologies of perovskite films changed from an incomplete coverage state to monolayer full coverage perovskite film, and then to bilayer full coverage perovskite film, which are shown in Figure 4a,b, and it can be seen that both show an apparent full coverage state based on their surface morphologies.



The corresponding cross-sectional views of both films are shown in Figure 4c,d. As shown in Figure 4c, when the drying pressure is decreased to 3000 Pa, the perovskite film is monolayer. Based on the surface morphology and cross-sectional view of it, it can be deduced that it is in a full coverage state on both macroscopic and microscopic scales. We know that the energy barrier for heterogeneous nucleation is lower than that of homogeneous nucleation, therefore, the heterogeneous nucleation and growth under 3000 Pa can effectively relieve the supersaturation state of the whole precursor solution. When the drying pressure is decreased to 100 Pa, the two preferential nucleation sites result in the perovskite film showing a bilayer morphology (Figure 4d), which illustrates that the thermal transmission and solution diffusion process under 100 Pa cannot effectively relieve the solute accumulation at the upper surface of the precursor solution. Based on Figure 4c,d, the thickness of bilayer perovskite film seems a little thicker than the monolayer perovskite film, which can be attributed to the non-uniform internal crystal stacking state which may introduce some voids in the bilayer perovskite film.



In addition to the possible preferential nucleation sites, the appearance of the nuclei inside the precursor solution is also possible under conditions of the ultra-high supersaturation which is provided by ultra-fast solvent evaporation. When the drying pressure is decreased to 10 Pa, the perovskite film is stacked with a lot of particles that form a multilayer morphology based on the cross-sectional view of the perovskite film shown in Figure S1. Under this situation, the drying pressure is too low, which makes the solvent evaporation too fast, and then the serious amount of solute accumulated in the precursor solution does not have enough time to homogenize by diffusion, therefore, it precipitates in situ.




3.3. Photovoltaic Performance of the Perovskite Solar Cells


The full coverage perovskite films on either scale was assembled into perovskite solar cells. The J-V curves for the typical solar cells are shown in Figure 5a, and the detailed data is listed in Table 1. It exhibited the performance with Jsc = 20.78 mA·cm−2, Voc = 1.09 V, FF = 71.74% and η = 16.25% for the monolayer PSCs, and Jsc = 20.10 mA·cm−2, Voc = 1.09 V, FF = 64.99% and η = 14.24% for the bilayer PSCs, where Jsc is the short-circuit density, Voc is the open-circuit voltage, FF is the fill fact, and η is the conversion efficiency. In addition, more monolayer PSCs and bilayer PSCs were analyzed, and the results of the distribution of photovoltaic parameters are summarized in Figure 5b,e. The histogram format of the photovoltaic performances has been added as Figure S2 in the Supplementary Materials, and the detailed data has also been listed in Tables S1 and S2 of the Supplementary Materials. The Voc of both solar cells are comparable, and the other parameters, including Jsc, FF and η for bilayer PSCs are a little lower than monolayer PSCs. Furthermore, it can be seen that there is a more serious discrete distribution of the Jsc, FF and η for bilayer PSCs compared with monolayer PSCs. The champion conversion efficiency is 19.14% for monolayer PSC, which is higher than the results of the PSCs with the same configuration of FTO/c-TiO2 /CH3NH3PbI3 /spiro-OMeTAD/Au reported in the last two years [43,44,45,46,47,48,49,50]. The weaker performance of the bilayer PSCs has been analyzed in the following section.



To understand the slightly lower performance of bilayer PSCs compared with monolayer PSCs, the dark currents of both cells were characterized. As shown in Figure 5a, the monolayer PSCs exhibited a slightly lower dark current compared with the bilayer PSCs, which indicated suppressed charge recombination in the former. To further characterize the charge recombination in both solar cells, the EIS was proposed. The experimental results and fitting results are shown in Figure 6a, and the equivalent circuit is shown in the inset of Figure 6a. In the equivalent circuit, Rs is the series resistance of the whole cell. Rce and Cce correspond to the transport resistance and capacitance in the counter electrode, and the Rct and Cct correspond to the recombination resistance and capacitance of the perovskite film [51,52]. Based on the fitting results, the Rs of monolayer PSC is 2.78 Ω·cm2, and the Rs of bilayer PSC is 5.03 Ω·cm2. The Rce of monolayer PSC is 117.3 Ω·cm2, and the Rce of bilayer PSC is 112.7 Ω·cm2. The Rs and Rce for both cells are comparable, however, the Rct of monolayer PSC (346.0 Ω·cm2) is larger than the bilayer PSC (278.5 Ω·cm2), which is in accordance with the dark current results. The charge lifetime (τr) in the perovskite film was also estimated based on the bode phase plots in Figure 6b using the equation of τr = 1/(2πfmax), where fmax corresponds to the frequency peak of the left intermediate frequency semicircle [53,54]. The calculated results are shown in Table 1, and the τr of the monolayer PSCs is shown to be a little longer than that of the bilayer PSCs.



Based on the same assembly technology and characterization condition, the only difference between both solar cells is the microstructure of the perovskite film. Based on both heterogeneous nucleation and homogeneous nucleation, perovskite film is a layered structure with a number of grain boundaries, which is harmful for exciton transportation. At last the bilayer PSCs show a higher dark current, an enhanced internal recombination, and a short charge life time. The preferred type of perovskite film is the monolayer structure, i.e., grown up by heterogeneous nucleation to form the perovskite film on both the macroscopic and microscopic scales. This is beneficial for the perovskite film/substrate contact, and extends the exciton’s lifetime and even isolates oxygen/water. Much effort will be paid to nuclei behavior control in future, to allow improvements in the conversion efficiency and industrialization of the perovskite solar cells.





4. Conclusions


Manipulation of the crystallization process is important for optimizing perovskite film microstructures during the solution preparation process. The nucleation site of the perovskite during the solution fabrication process was, first, systematically investigated. Through comprehensively analyzing the microstructures of the perovskite films prepared under natural drying conditions, it was found that the perovskite film contains incomplete covered areas, monolayer perovskite areas and bilayer perovskite areas. To explain this, schematic diagrams of the concentration field and temperature field were established based on the physical processes in the precursor solution. The results showed that there were two possible preferential nucleation sites: The upper surface of the precursor solution and the substrate surface. Then, the nucleation sites were manipulated by decreasing the drying pressure, and it was found that the microstructures of the perovskite films changed from incomplete coverage to a monolayer, and then to a bilayer. At last, both full coverage perovskite films were assembled into perovskite solar cells, and the characterization results showed that the conversion efficiency of the monolayer perovskite solar cells was slightly higher than bilayer perovskite solar cells for the restrained internal recombination. The investigation results provide insight into the crystallization control of perovskite film, which will aid in the industrialization of perovskite solar cells.
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Figure 1. The surface morphologies of the perovskite film prepared under natural drying conditions: (a) Low magnification and (b) high magnification. (c) The surface morphology of the ultra-thin perovskite film indicated with blue dotted rectangle in (b). (d) The chemical composition of the ultra-thin perovskite film in (c). 
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Figure 2. The typical cross-sectional views of the perovskite film under natural drying conditions: (a) The monolayer perovskite area; and (b) the bilayer perovskite area. 
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Figure 3. Schematic diagrams of the boundary conditions for the precursor solution (a), concentration field (b), temperature field (c), and the possible preferential nucleation sites marked with the green dotted box in the precursor solution film during evaporation (d). 
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Figure 4. The surface morphologies of the perovskite films: (a) Monolayer prepared under 3000 Pa and (b) bilayer prepared under 100 Pa. The cross-sectional views of the perovskite films: (c) Monolayer prepared under 3000 Pa and (d) bilayer prepared under 100 Pa. 
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Figure 5. Typical photovoltaic performance of monolayer perovskite solar cells (monolayer PSCs) and bilayer perovskite solar cells (bilayer PSCs) obtained from reverse scanning under illumination and dark conditions (a). Statistical results of the photovoltaic parameters of monolayer PSCs and bilayer PSCs: Jsc (short-circuit density) (b), Voc (open-circuit voltage) (c), FF (fill factor) (d) and η (conversion efficiency) (e). 
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Figure 6. The electrochemical impedance spectroscopy (EIS) results of both solar cells characterized under open circuit voltage: (a) Nyquist plots and (b) bode phase plots. The equivalent circuit model to fit the EIS results is shown in inset of (a). 
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Table 1. The detailed data of the typical photovoltaic performances of monolayer PSCs and bilayer PSCs in Figure 5a.
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	Cell type
	Jsc/mA·cm−2
	Voc/V
	FF/%
	η/%
	τr/ms





	Monolayer PSCs
	20.78
	1.09
	71.74
	16.25
	0.45



	Bilayer PSCs
	20.10
	1.09
	64.99
	14.24
	0.19
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