







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 26 April 2017



                    The effect of illumination on the formation of metal halide perovskite films

                    	Amita Ummadisingu1, 
	Ludmilla Steier1 nAff2, 
	Ji-Youn Seo1, 
	Taisuke Matsui1 nAff3, 
	Antonio Abate1 nAff4, 
	Wolfgang Tress1 & 
	…
	Michael Grätzel1 

Show authors

                    

                    
                        
    Nature

                        volume 545, pages 208–212 (2017)Cite this article
                    

                    
        
            	
                        25k Accesses

                    
	
                        239 Citations

                    
	
                            65 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Confocal microscopy
	Energy
	Solar cells


    


                
    
    

    
    

                
            


        
            Abstract
Optimizing the morphology of metal halide perovskite films is an important way to improve the performance of solar cells1 when these materials are used as light harvesters2, because film homogeneity is correlated with photovoltaic performance3. Many device architectures and processing techniques have been explored with the aim of achieving high-performance devices4, including single-step deposition5, sequential deposition6,7 and anti-solvent methods1,8. Earlier studies have looked at the influence of reaction conditions on film quality3, such as the concentration of the reactants9,10 and the reaction temperature11. However, the precise mechanism of the reaction and the main factors that govern it are poorly understood. The consequent lack of control is the main reason for the large variability observed in perovskite morphology and the related solar-cell performance2,3. Here we show that light has a strong influence on the rate of perovskite formation and on film morphology in both of the main deposition methods currently used: sequential deposition and the anti-solvent method. We study the reaction of a metal halide (lead iodide) with an organic compound (methylammonium iodide) using confocal laser scanning fluorescence microscopy and scanning electron microscopy. The lead iodide crystallizes before the intercalation of methylammonium iodide commences, producing the methylammonium lead iodide perovskite. We find that the formation of perovskite via such a sequential deposition is much accelerated by light. The influence of light on morphology is reflected in a doubling of solar-cell efficiency. Conversely, using the anti-solvent method to form methyl ammonium lead iodide perovskite in a single step from the same starting materials, we find that the best photovoltaic performance is obtained when films are produced in the dark. The discovery of light-activated crystallization not only identifies a previously unknown source of variability in opto-electronic properties, but also opens up new ways of tuning morphology and structuring perovskites for various applications.
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                    Figure 1: CH3NH3PbI3 formation in sequential deposition in the dark and under 1 Sun illumination.[image: ]


Figure 2: Nucleation density under different illumination conditions.[image: ]


Figure 3: Diagrams of the nucleation mechanism in the PbI2 film.[image: ]


Figure 4: Images of CH3NH3PbI3 films made using the anti-solvent method in the dark and under a light intensity of 1 Sun.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Growth of PbI2 nuclei under different conditions in sequential deposition.
a, SEM image showing a standard unreacted PbI2 film (as-deposited). b, c, SEM images of standard PbI2 films dipped in MAI solution for 4 s: in the dark showing low crystal density (b) and under 1 Sun light intensity showing high crystal density (c). d, e, SEM images of PbI2 films annealed at 100 °C for 1 h, dipped in MAI solution for 4 s: in the dark (d) and under 1 Sun light intensity (e). Scale bars (a–e), 1 μm. It is interesting to compare samples made under 1 Sun light intensity, as the light-activated nucleation is expected to take place and the affinity for nucleation can be assessed. Image e shows a sample of initially high crystallinity with substantially fewer crystals growing on the surface after dipping, compared to the analogous standard sample in c, indicating that amorphous PbI2 is required for the growth of nuclei. f, XRD analysis showing the full-width at half-maximum (FWHM) of the Voigt function fits of the (001) reflection of the 2H polytype of PbI2 and the corresponding height of the platelet obtained using the Scherrer equation. We observe an increase in platelet height from 17 nm to 36 nm on annealing the standard PbI2 sample at 100 °C for 1 h. The platelet height increases from 17 nm in the standard unreacted PbI2 film, to 20 nm and 29 nm, on dipping in 0.038 M MAI in 2-propanol in the dark and under 1 Sun illumination, respectively. On dipping standard PbI2 films in 0.038 M EMIm TFSI in 2-propanol (for equivalence with 0.038 M MAI in 2-propanol), an increase in the platelet height from 17 nm to 19 nm and 24 nm was observed, for dipping in the dark and under 1 Sun, respectively. This is similar to the trend seen for dipping in MAI. See Methods for details.


Extended Data Figure 2 SEM images of CH3NH3PbI3 films prepared using sequential deposition under various temperature and light conditions.
PbI2 films were dipped isothermally in MAI solution for 25 s at the following conditions: a, 35 °C under 0.01 Sun illumination; b, 50 °C under 0.01 Sun; c, 35 °C under 1 Sun; and d, 50 °C under 1 Sun. Dipping at a higher temperature and the same light intensity gives larger perovskite crystals; dipping at a higher light intensity and the same temperature gives a higher nucleation density with small crystals. Scale bars (a–d), 2 μm.


Extended Data Figure 3 Electrochemical experiments.
a, b, Photograph (a) and cross-sectional diagram (b) of a PbI2 electrode. c, d, Photograph (c) and diagram (d) of set-up with a PbI2 electrode in contact with 0.38 M EMIm TFSI in 2-propanol, used for chopped light chronopotentiometry and EIS measurement. WE, working electrode; Ref, reference electrode; CE, counter electrode. e, Diagram of set-up used to determine the chemical potential of 0.038 M MAI in 2-propanol (IPA) solution, and f, the corresponding chronopotentiometry experiment data. The chemical potential of the MAI solution was determined to be +0.056 V versus Ag/AgCl, KCl (saturated). g, Variable light chronopotentiometric photo-voltage measurement at zero applied current (dark, 0.01 Sun, 0.1 Sun, 1 Sun and dark). The potential under the initial dark condition is set to zero. h, Mott–Schottky analysis of PbI2 film in the dark, where C is the space-charge layer capacitance normalized by the area considering a geometrically flat surface (equation (4)). A flat band potential (Efb) of −0.46 V versus Ag/AgCl, KCl (saturated) was determined from the x-intercept of a fit of the linear region. The upper limit of the charge carrier concentration (ND), considering a geometrically flat surface, was obtained as 8 × 1019 cm−3. i, Energy levels versus Ag/AgCl, KCl (saturated) and the equivalent value versus the vacuum level shown. The Ag/AgCl, KCl (saturated) reference electrode was calibrated by dissolving ferrocene (Fc) in the ionic liquid solution and verifying that the position of the Fc/Fc+ couple was +0.4 V versus Ag/AgCl, KCl (saturated), consistent with the literature21. The energy levels determined from f, g and h are shown. Electron-quasi-Fermi level under illumination is denoted by [image: ]. Reported values31 for the conduction band (CB) and valence band (VB) edges of PbI2 are also shown.


Extended Data Figure 4 Energy band diagrams of PbI2 film and 0.038 M MAI in 2-propanol solution in the dark and under 1 Sun illumination.
Diagrams constructed using data from Extended Data Fig. 3i and band bending assumed in both cases. EF, Fermi level; μMAI, chemical potential of the electrolyte (MAI solution). a, In the dark, after contact and electrostatic equilibration, and b, under 1 Sun illumination, with the limits of surface traps obtained from the Mott–Schottky analysis shown in blue. Quasi Fermi level for holes not shown.


Extended Data Figure 5 Effect of populating surface traps.
Shown are SEM images of PbI2 films that have been dipped for 6 s in 0.038 M MAI in 2-propanol solution; a, in the dark, no voltage bias; b, under 0.02 Sun illumination, no voltage bias; and c, under 0.02 Sun illumination, bias of +0.8 V versus the Nernst potential of MAI. Panels b and c show comparable nucleation density, while that in a is low. Scale bars (a–c), 2 μm.


Extended Data Figure 6 Statistical analysis of photovoltaic data (backward scans) recorded under simulated AM1.5G illumination.
Left-hand panels (a–d) represent 5 CH3NH3PbI3 devices of each condition (dipped into MAI solution in the dark, and under 0.1 Sun and 1 Sun illumination) fabricated using sequential deposition. Centre panels (e–h) represent 6 CH3NH3PbI3 devices of each condition (made in the dark and under 1 Sun illumination) prepared using the anti-solvent method. Right-hand panels (i–l) represent 10 quadruple-cation perovskite devices of each condition (made in the dark and under 1 Sun illumination) prepared using the anti-solvent method. a, e, i, Short-circuit current density (Jsc). b, f, j, Open-circuit voltage (Voc). c, g, k, Fill factor (FF). d, h, l, Power conversion efficiency (PCE). The upper and lower error bars represent the maximum and minimum values respectively, and the mid-line in each box represents the median value. The top and the bottom of the box represent the upper quartile (75th percentile, Q3) and lower quartile (25th percentile, Q1) respectively, and box height represents the interquartile range (Q3–Q1). Filled squares indicate the mean values shown in Extended Data Table 1. See Methods for details of illumination.


Extended Data Figure 7 Photovoltaic device characterization and analysis of CH3NH3PbI3 samples made using sequential deposition.
a–c, SEM images of the perovskite films corresponding to devices dipped into MAI solution in the dark, and under 0.1 Sun and 1 Sun respectively. Scale bars (a–c), 1 μm. d, Absolute IPCE spectra (solid lines) and the integrated current densities (dashed lines) of representative devices dipped into MAI solution in the dark and under 1 Sun. e, XRD spectra of perovskite films dipped into MAI solution in the dark, and under 0.1 Sun and 1 Sun. The main reflections corresponding to the tetragonal perovskite have been indicated. *Reflections of the PbI2 in the 2H polytype; §reflections from the FTO. Similar amounts of PbI2 remain in all the films.


Extended Data Figure 8 Absolute IPCE spectra (solid lines) and the integrated current densities (dashed lines) of representative devices prepared using the anti-solvent method in the dark and under 1 Sun illumination.
a, CH3NH3PbI3; b, quadruple-cation composition26.


Extended Data Figure 9 SEM images of perovskite films prepared using the anti-solvent method.
a, b, Double-cation composition1 made in the dark (a) and under 1 Sun illumination (b). c, d, Triple-cation composition29 made in the dark (c) and under 1 Sun (d). Scale bars (a–d), 1 μm. e, f, Quadruple-cation composition26 made in the dark (e) and under 1 Sun (f). Scale bars (e, f), 2 μm.


Extended Data Table 1 Photovoltaic device data recorded under simulated AM1.5G illuminationFull size table
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