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Abstract

:

High-quality mixed-cation lead mixed-halide (FAPbI3)0.85(MAPbBr3)0.15 perovskite films have been prepared using CH3NH3Cl additives via the solvent engineering method. The UV/Vis result shows that the addition of additives leads to enhanced absorptions. XRD and SEM characterizations suggest that compact, pinhole-free and uniform films can be obtained. This is attributable to the crystallization improvement caused by the CH3NH3Cl additives. The power conversion efficiency (PCE) of the F-doped SnO2 (FTO)/compact-TiO2/perovskite/Spiro-OMeTAD/Ag device increases from 15.3% to 16.8% with the help of CH3NH3Cl additive.
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1. Introduction


Organic-inorganic hybrid lead halide perovskites have many attractive features such as tunable band gaps, easy-to-make properties, high optical absorption coefficients and superior charge transport properties. Therefore, they have become one of the most promising materials for optoelectronic applications, and the perovskite solar cells have reached a certified power conversion efficiency (PCE) of 22.1% [1,2,3,4,5,6,7,8,9,10,11,12,13]. The typical 3D hybrid lead halide perovskite has the classical APbX3 structure, and the tunable composition for A and X components offers perovskites sufficient freedom in tuning structures and properties [1,3,14,15,16,17,18,19,20]. In particular, mixed-cation and mixed-halide perovskites have been an effective approach to optimize the properties of lead halide perovskites [5,21]. For example, the (FAPbI3)0.85(MAPbBr3)0.15 perovskite is a popular recipe used for solar cells with enhanced performance and stabilities [5]. In spite of the advancement, it is still a challenging task to simultaneously control the film morphology and crystalline quality. It is thus urgent to explore a method to gain high-quality films and improve perovskite crystallization. In previous studies on the MAPbI3 perovskite, the additive method was an effective way to control perovskite crystallization and growth in simple solution chemistry [22,23,24,25,26,27,28,29,30,31,32,33,34,35]. In general, additives can be divided into several types: Organic molecules [25,27,28,29,36,37], inorganic or ammonium salts [23,30,31,32,33,34,35], polymers [26] and ionic liquids [22]. Different additives may have different functional mechanisms. For example, the additive can provide homogenous nucleation sites to improve uniformity. It can also coordinate with metal ions to decrease the crystallization rate and enlarge crystals [38,39,40], and highly efficient semitransparent perovskite solar cells can be achieved [41,42]. In addition, it can change the surface energy to control the crystal growth direction. However, the impact of additives on the mixed composition perovskite is still an area awaiting more explorations.



In this work, we deposit the mixed-cation and mixed-halide (FAPbI3)0.85(MAPbBr3)0.15 perovskite using CH3NH3Cl (MACl) additives. Our results indicate that the MACl additive has little impact on the optical properties of the (FAPbI3)0.85(MAPbBr3)0.15 perovskite film but can significantly increase crystallinity and crystal grain size.




2. Results and Discussion


These (FAPbI3)0.85(MAPbBr3)0.15 precursor films with or without MACl additives all turned orange after anti-solvent treatments without thermal annealing (0, 0.15, 0.3 molar ratio MACl with perovskite precursor solution donated as 0 MACl, 0.15 MACl and 0.3 MACl, respectively). The XRD patterns of these stable films before annealing are listed in Figure 1a. Firstly, a typical characteristic peak of perovskite appeared in all these precursor films. Meanwhile, an unknown peak located at ~12° existed in all these precursor films, which might be ascribed to an intermediate phase owing to the complex between the solvent and the perovskite precursor. Interestingly, the peak intensity of this unknown intermediate decreased with the increase of the molar ratio of MACl. The intermediate peak in the precursor film using 0.3 MACl additives became much weaker while the perovskite peak was stronger than in the precursor film without MACl. This indicates that MACl can affect or accelerate the formation of the perovskite phase and inhibit the intermediate phase in these un-annealed films. This indexed intermediate phase is highly likely to be a complex of Pb, I, MA, solvent. The UV/Vis spectra are listed in Figure 1b. All these precursor films showed a characteristic peak at around 510–520 nm without obvious absorption at longer wavelengths although there were some perovskite phases found in these precursor films.



In order to investigate the film change before and after annealing, the XRD patterns and UV/Vis spectra of (FAPbI3)0.85(MAPbBr3)0.15 on FTO glasses containing different amounts of MACl are listed in Figure 1c,d. All the orange precursor films turned dark after thermal annealing (see the insert images). The XRD patterns showed that the intermediate peak in all the precursor films disappeared and the samples with MACl additives had the same characteristic peaks of (FAPbI3)0.85(MAPbBr3)0.15 perovskites as the sample without MACl [43]. The UV/Vis spectra of these samples were almost the same, which is consistent with the XRD patterns. Although these (FAPbI3)0.85(MAPbBr3)0.15 samples were similar in the phase purity and UV/Vis absorption, the diffraction intensity was considerably enhanced in samples with the MACl additive, especially in the 0.15 MACl sample as shown in Figure 1c. This indicates that the MACl additive can significantly enhance the crystallinity of (FAPbI3)0.85(MAPbBr3)0.15. The XRD and UV/Vis spectra indicated that MACl greatly improved the perovskite crystallization, especially in the 0.15 MACl sample. It is worth noting that there was no Cl EDX signal found in these annealed 0.15 MACl and 0.3 MACl perovskite films. This means that MACl only functions as a “crystallization improver” affecting the crystal growth process and can be totally removed after annealing.



In order to further understand the perovskite crystallization process with and without MACl, we have investigated these perovskite films annealed for different times. Figure 2 lists the XRD patterns and UV/Vis spectrum evolution of the (FAPbI3)0.85(MAPbBr3)0.15 perovskite films prepared from 0, 0.15 and 0.3 MACl with different annealing times. The annealing temperature was 150 °C and different annealing times have been tested: 1 min, 3 min, 5 min, 8 min and 12 min (for 0.3 MACl). The above paragraph has suggested that the crystallinity of the perovskite grown from precursors with MACl was better than the corresponding one without MACl. Based on the XRD and UV/Vis spectra results in Figure 2a,b, the crystallization process of the perovskite without MACl additives was that the solvent evaporated and the perovskite crystallization finished in the first 3 min. The perovskite film then exhibited the highest absorbance and XRD intensities. During the period of 5–8 min, the loss of MAI or MABr started to happen in the perovskite without MACl additives. The over-annealing exceeding 5 min then resulted in the appearance of PbI2. Over-annealing is usually adopted to obtain the PbI2 passivation effect. According to the XRD patterns and UV/Vis evolution of the perovskites with 0.15 MACl and 0.3 MACl additives, it seems that MACl can retard the crystallization of the (FAPbI3)0.85(MAPbBr3)0.15 perovskite, although MACl can also help to reduce the intermediate phase in the precursor films. As shown in Figure 2c–f, the 0.15 MACl and 0.3 MACl samples also exhibited the standard (FAPbI3)0.85(MAPbBr3)0.15 perovskite XRD peaks and reached the maximal absorbance after 1–3 min annealing. However, their XRD intensities kept growing (especially for the 0.3 MACl sample), which might account for the enhanced crystallinity as observed in Figure 1. These MACl additives could also prevent the release of MAI since MACl needed to be expelled before MAI. However, PbI2 was also observed in both the 0.15 MACl and 0 MACl samples after annealing for 8 min (Figure 2a,c), and PbI2 appeared at 12 min in the 0.3 MACl sample (Figure 2e). The crystallinity of PbI2 in the sample without MACl was higher than the one with MACl. Consequently, a weaker PbI2 XRD peak was found in the 0.15 MACl and 0.3 MACl samples.



From the above-mentioned discussion, the MACl additive can significantly affect the crystallization of the (FAPbI3)0.85(MAPbBr3)0.15 perovskite. The SEM was taken to further understand the effect of additives on their crystallinity or grain sizes. Figure 3a,c show the SEM images of (FAPbI3)0.85(MAPbBr3)0.15 perovskite films prepared from 0 MACl, 0.15 MACl and 0.3 MACl. The perovskite crystal sizes in the 0 MACl sample are ~200–300 nm, which is typical for the regular solvent engineering process. Besides the (FAPbI3)0.85(MAPbBr3)0.15 perovskite crystals, there were also some bright spots and they were probably the PbI2 residues, which were all formed at the grains size similar to the previous report. With the MACl additive, the (FAPbI3)0.85(MAPbBr3)0.15 perovskites showed larger crystal grain sizes. The crystal size of the 0.15 MACl sample increased to ~400 nm and that of the 0.3 MACl sample further increased to ~500 nm. They both had some PbI2 residues existing at the grain boundary. Interestingly, the 0.3 MACl sample seemed to have more PbI2 residues than the 0.15 MACl sample and also the 0 MACl one. Usually, the large crystal grain can reduce charge recombination and promotes charge transport.



Table 1 lists the photovoltaic parameters of these (FAPbI3)0.85(MAPbBr3)0.15 perovskite solar cells based on the planar device configuration of FTO/c-TiO2/perovskite/Spiro-OMeTAD/Ag. The 0.15 MACl device exhibited improved photovoltaic performance with increased Jsc, Voc and Fill Factor (FF) compared to the 0 MACl device. The efficiency of the 0.3 MACl device was higher than that of the 0 MACl device but lower than that of the 0.15 MACl device. Figure 4 shows the typical J–V curves of these (FAPbI3)0.85(MAPbBr3)0.15 perovskite solar cells using different molar ratios of MACl additives.




3. Conclusions


In summary, we have developed a MACl-assisted solvent engineering method to deposit the (FAPbI3)0.85(MAPbBr3)0.15 perovskite film. The MACl additive can impact the crystallization process of the perovskite, which can be used as an additive for improving the thin-film quality of efficient semitransparent perovskite solar cells. The MACl additive can accelerate the crystallization of the precursor film to the perovskite phase but retard the crystallization of the perovskite phase during the thermal annealing process. Consequently, the MACl additive with a suitable MACl content (0.15 MACl) contributes to the formation of homogeneous and large grain perovskite films. The average PCE of the FTO/c-TiO2/perovskite/Spiro-OMeTAD/Ag device increases from 15.3% to 16.8% after utilizing the 0.15 MACl additive. The additive assisted solvent engineering method would be a promising strategy to optimize the deposition of high-quality perovskite films.




4. Materials and Methods


Materials: Patterned FTO glasses were etched with metallic Zn and HCl aqueous solution (2M) and then cleaned. A 20 nm thick compact TiO2 layer deposited on the patterned FTO substrate was prepared by spray pyrolysis of 0.2 M Ti(IV) bis(ethyl acetoacetate)-diisopropoxide in 1-butanol solution at 450 °C, followed by annealing at 450 °C for one hour. MACl was synthesized by reacting methylamine (33 wt % ethanol solution) and 33 wt % hydrocholoride acid with the molar ratio of 1.2:1 in an ice bath for 2 h with stirring, followed by vacuum drying and cleaning with acetonitrile. PbI2, PbBr2, CH3NH3Br(MABr), N,N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and chlorobenzene were purchased from Sigma-Aldrich and FAI was purchased from Shanghai MaterWin New Materials Co., Ltd.



Device preparation: The 1M (FAPbI3)0.85(MAPbBr3)0.15 perovskite was prepared by mixing stoichiometric FAI, PbI2, MABr and PbBr2 with the 0.85:0.85:0.15:0.15 molar ratio in DMF/DMSO (4/1 v/v). MACl molar ratios of 0, 0.15, 0.3 were added to the precursor solution, respectively. An amount of 80 μL of the perovskite solution was spread on the substrate and spin coated in a two-step program at 1000 and 4000 rpm for 10 and 30 s, respectively. During the second step, 250 μL of chlorobenzene was used as an anti-solvent and dripped on the top of the film 15 s prior to the end of the program. The substrates were then annealed at 150 °C in a glovebox. The hole transport layer was deposited on top of the perovskite film at 4000 rpm for 30 s using the hole transport material (HTM) solution, which consisted of 0.1 M spiro-MeOTAD, 0.035 M bis (trifluoromethane) sulfonamide lithium salt (Li-TFSi), and 0.12 M 4-tert-butylpyridine (tBP) in chlorobenzene/acetonitrile (10:1, v/v) solution. Finally, a 150-nm thick Ag film was deposited as a counter electrode using thermal evaporation.



Characterization: The photocurrent-voltage (J–V) characteristic of perovskite solar cells was measured with a 2401 source meter (Keithley, Cleveland, OH, USA) at a scan rate of 0.05 V/s under simulated AM1.5G illumination using Enlitech’s 3A light source (Newport Corp., Irvine, CA, USA). The X-ray diffraction (XRD) measurement of perovskite films was performed using an X-ray diffractometer (Rigaku D/Max 2200, Rigaku Corporation, Tokyo, Japan) with Cu Ka radiation. Absorption spectra were measured using a UV/Vis spectrometer (Cary-6000i, Agilent Technologies, Santa Clara, CA, USA). The morphologies of perovskite films were characterized on a FEI Sirion 200 (Hillsboro, OR, USA) scanning electron microscope (SEM).
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Figure 1. (a) The XRD patterns and (b) UV/Vis spectra of (FAPbI3)0.85(MAPbBr3)0.15 films using 0, 0.15 and 0.3 MACl additives (a,b) without having been annealed and (c,d) after having been annealed. Insert: Precursor film images. ◆: the peak of the intermediate. 
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Figure 2. XRD patterns and UV/Vis spectra of (FAPbI3)0.85(MAPbBr3)0.15 films with (a,b) 0, (c,d) 0.15 and (e,f) 0.3 MACl annealed for 1 min, 3 min, 5 min and 8 min at 150 °C. ◆: PbI2. 
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Figure 3. SEM images of (FAPbI3)0.85(MAPbBr3)0.15 perovskite films using (a) 0, (b) 0.15 and (c) 0.3 MACl additives at 150 °C. 
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Figure 4. The typical J–V curves of the perovskite solar cells based on (FAPbI3)0.85(MAPbBr3)0.15 using different molar ratios of MACl additives. 
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Table 1. Photovoltaic parameters of the FTO/c-TiO2/Perovikite/Spiro-OMeTAD/Ag devices with various molar ratios of MACl additives.
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	Samples
	Jsc (mA/cm2)
	Voc (V)
	FF (%)
	PCE (%)





	0.3 MACl
	20.6 ± 0.32
	1.04 ± 0.01
	74 ± 2
	15.9 ± 0.4



	0.15 MACl
	21.3 ± 0.45
	1.04 ± 0.01
	76 ± 2
	16.8 ± 0.3



	0 MACl
	20.2 ± 0.76
	1.01 ± 0.02
	75 ± 4
	15.3 ± 0.7











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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