







    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: 29 July 2019



                    High performance from extraordinarily thick organic light-emitting diodes

                    	Toshinori Matsushima1,2,3, 
	Fatima Bencheikh1,2, 
	Takeshi Komino1,2,4, 
	Matthew R. Leyden1,2, 
	Atula S. D. Sandanayaka1,2, 
	Chuanjiang Qin1,2 & 
	â€¦
	Chihaya Adachi1,2,3,4Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 572,Â pages 502â€“506 (2019)Cite this article
                    

                    
        
            	
                        21k Accesses

                    
	
                        137 Citations

                    
	
                            51 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Electronic devices
	Organic molecules in materials science


    


                
    
    

    
    

                
            


        
            Abstract
Organic light-emitting diode (OLED) technology is promising for applications in next-generation displays and lighting. However, it is difficultâ€”especially in large-area mass productionâ€”to cover a large substrate uniformly with organic layers, and variations in thickness cause the formation of shunting paths between electrodes1,2, thereby lowering device production yield. To overcome this issue, thicker organic transport layers are desirable because they can cover particles and residue on substrates, but increasing their thickness increases the driving voltage because of the intrinsically low charge-carrier mobilities of organics. Chemical doping of organic layers increases their electrical conductivity and enables fabrication of thicker OLEDs3,4, but additional absorption bands originating from charge transfer appear5, reducing electroluminescence efficiency because of light absorption. Thick OLEDs made with organic single crystals have been demonstrated6, but are not practical for mass production. Therefore, an alternative method of fabricating thicker OLEDs is needed. Here we show that extraordinarily thick OLEDs can be fabricated by using the organicâ€“inorganic perovskite methylammonium lead chloride, CH3NH3PbCl3 (MAPbCl3), instead of organics as the transport layers. Because MAPbCl3 films have high carrier mobilities and are transparent to visible light, we were able to increase the total thickness of MAPbCl3 transport layers to 2,000 nanometresâ€”more than ten times the thickness of standard OLEDsâ€”without requiring high voltage or reducing either internal electroluminescence quantum efficiency or operational durability. These findings will contribute towards a higher production yield of high-quality OLEDs, which may be used for other organic devices, such as lasers, solar cells, memory devices and sensors.
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                    Fig. 1: Excellent hole and electron transport properties of MAPbCl3.[image: ]


Fig. 2: Low driving voltage of fluorescent Alq3-based OLEDs with a total MAPbCl3 thickness of 2,000Â nm.[image: ]


Fig. 3: High efficiency from phosphorescence-based and TADF-based OLEDs with thick MAPbCl3 transport layers.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 High-quality MAPbCl3 films fabricated on substrates.
a, X-ray diffraction pattern of a 50-nm-thick MAPbCl3 film vacuum-evaporated on a fused silica substrate. There were three diffraction peaks at 2Î¸ values of 15.4Â°, 31.3Â° and 47.9Â°. These peaks can be assigned to the (1 0 0), (2 0 0), and (3 0 0) lattice planes of the cubic MAPbCl3 perovskite structure7,8. b, Atomic force microscope images of 50-nm-thick and 1,000-nm-thick MAPbCl3 films, which were vacuum-evaporated on glass substrates coated with a 100-nm-thick ITO layer and a 10-nm-thick MoOx layer. The corresponding root-mean-square roughnesses of the 50-nm-thick and 1,000-nm-thick films were 2.2 nm and 2.9 nm, respectively. c, Ultravioletâ€“visible absorption spectrum of a 50-nm-thick MAPbCl3 film vacuum-evaporated on a fused silica substrate. The spectrum agrees with literature data for a spin-coated MAPbCl3 film7. As can be seen in d and e, X-ray diffraction patterns and absorption spectra of vacuum-evaporated MAPbCl3 films were unchanged in air (about 24â€‰Â°C and about 50% relative humidity) for 11 days. Excellent air stability has been reported in solution-processed MAPbCl3 films7.


Extended Data Fig. 2 Appropriate carrier injection barriers for fabricated devices.
aâ€“e, Energy-level diagrams of hole-only (a) and electron-only (b) devices and OLEDs based on Alq3 (c), Ir(ppy)3 (d), 4CzIPN (d) and Ir(ppy)2acac (e). All energy levels are in units of electronvolts. The energy levels of all materials were measured using photoelectron yield spectroscopy and low-energy inverse photoemission spectroscopy. Only holes are transported through the hole-only devices because the Fermi level of MoOx lies below the valence band edge of MAPbCl3. Conversely, the Fermi level of Cs is above the conduction band edge of MAPbCl3, so only electrons are transported through the electron-only devices. The carrier injection barriers at the interfaces between MAPbCl3 layers and neighbouring layers should be small in the OLEDs used in this study.


Extended Data Fig. 3 Good reproducibility of device fabrication.
Histograms of driving voltages at 50Â mAÂ cmâˆ’2, maximum EQEs and 50% lifetimes (at which luminance reduces to half of the initial value) for Alq3-based, Ir(ppy)3-based and 4CzIPN-based OLEDs. The average values (AV) and standard deviations (SD) shown in each panel were calculated from at least four different batches of OLEDs fabricated under identical conditions for a total of 39â€“44 samples for each device architecture. The 50% lifetimes of Alq3-based devices were measured at a constant current of 50Â mAÂ cmâˆ’2 (see Fig. 2d). The 50% lifetimes of Ir(ppy)3-based and 4CzIPN-based devices were measured at a constant current for an initial luminance of 1,000Â cdÂ mâˆ’2 (see Extended Data Fig. 8c).


Extended Data Fig. 4 Angle-independent electroluminescence spectra in devices with 1,000-nm-thick perovskite transport layers.
aâ€“f, Electroluminescence spectra measured at different angles for OLEDs with 50-nm-thick Î±-NPD and Alq3 transport layers (device A) (a) and MAPbCl3 transport layers (bâ€“f) when operated at 10Â mAÂ cmâˆ’2. MAPbCl3 thicknesses were 50Â nm (device B) (b), 250Â nm (c), 500Â nm (d), 750Â nm (e) and 1,000Â nm (device D) (f). An angle of 0Â° corresponds to the substrate-normal direction.


Extended Data Fig. 5 Reliable device fabrication with perovskite transport layers.
a, Thermally stimulated current profiles of devices A, B and D before degradation and after luminance reduced to half of the initial value. In this panel, peaks at around 105Â K and around 130Â K are signals of hole traps for Î±-NPD and electron traps for Alq3, respectively (see ref. 29). No signal from MAPbCl3 was detected. For the degraded devices, a new peak appeared at around 210Â K. Since the degraded devices had slower voltage increases and exhibited weaker signals at around 210Â K, these signals are associated with carrier traps, which are generated by Joule heating and cause voltages to increase during continuous device operation. The origin of these signals is unclear and still under investigation. b,Â Photographs of devices A, B and D operating at 50Â mAÂ cmâˆ’2. The top row shows fresh devices and the bottom row shows degraded devices. c,Â d, Current density versus voltage (c) and electroluminescence intensity versus voltage (d) curves for device D with 1,000-nm-thick MAPbCl3 transport layers, which were measured in consecutive forward and reverse scans using a silicon photodiode connected with a semiconductor parameter analyser (B1500A, Keysight). The current densityâ€“voltageâ€“electroluminescence intensity curves were independent of the scan direction and speed.


Extended Data Fig. 6 Better device performance with perovskite transport layers than with organic transport layers.
a, Schematic architectures of OLEDs with HAT-CN, 50 wt%-Liq-doped ADB, or MAPbCl3 transport layers and chemical structures of HAT-CN, ADB and Liq. b, Ultravioletâ€“visible absorption spectra of 50-nm-thick HAT-CN and 50 wt%-Liq-doped ADB films. c, d, Current density versus voltage (c) and EQE versus current density (d) curves of OLEDs with HAT-CN HTLs. e, f, Current density versus voltage (e) and EQE versus current density (f) curves of OLEDs with Liq-doped ADB ETLs. No electroluminescence was observed from devices with the 1,000-nm-thick Liq-doped ADB ETL. g, h, Current density versus voltage (g) and EQE versus current density (h) curves of OLEDs with MAPbCl3 transport layers. i, j, Plots of voltages at 50Â mAÂ cmâˆ’2 (i) and maximum EQEs (j) as a function of total thickness of transport layers for OLEDs. The lack of voltage data in i for devices with the 1,000-nm-thick Liq-doped ADB ETL is because of device breakdown at a lower current. The error bars in i and j represent standard deviation values.


Extended Data Fig. 7 Perovskite transport layers are useful for industrial applications.
aâ€“c, Schematic architectures (a) and current density versus voltage (b) and EQE versus current density (c) curves of OLEDs with MAPbCl3 or CsSnCl3 transport layers. The evaporation rate was 0.2Â nmÂ sâˆ’1 or 1.0Â nmÂ sâˆ’1 for MAPbCl3 and 0.2Â nmÂ sâˆ’1 for CsSnCl3. d, e, Ultravioletâ€“visible absorption spectrum (d) and X-ray diffraction pattern (e) of a 50-nm-thick CsSnCl3 film vacuum-evaporated on a fused silica substrate. The inset in d shows the atomic force microscope image of a 1,000-nm-thick CsSnCl3 film vacuum-evaporated on a glass substrate coated with a 100-nm-thick ITO layer and a 10-nm-thick MoOx layer. The root-mean-square roughness of this film was about 3.3Â nm.


Extended Data Fig. 8 Good operational durability from thick devices with perovskite transport layers.
aâ€“d, Schematic architectures (a) and current density versus voltage (b), luminance/initial luminance versus time (c), EQE versus current density (d) curves of Ir(ppy)3-based and 4CzIPN-based OLEDs with 1,000-nm-thick MAPbCl3 transport layers or 5-nm-thick Tris-PCz and 45-nm-thick BPy-TP2 transport layers. BPy-TP2 stands for 2,7-di(2,2â€²-bipyridin-5-yl)triphenylene, the chemical structure of which is shown in a. The data in b, d for thick devices were taken from Fig. 3a, b. The operational durability in c was obtained under a constant current flow at around 3Â mAÂ cmâˆ’2. The corresponding initial luminance was about 1,000Â cdÂ mâˆ’2 for thick devices and about 1,400Â cdÂ mâˆ’2 for thin devices. Increasing 4CzIPN doping concentration from 5Â wt% to 15Â wt% resulted in a marked increase of operational durability, which agrees with our previous results30. The solid curves in d are the results of fitting using a tripletâ€“triplet annihilation model for Ir(ppy)3-based devices and using a model of singletâ€“triplet annihilation combined with tripletâ€“triplet annihilation for 4CzIPN-based devices (seeÂ Methods for fitting details).


Extended Data Fig. 9 Incoherent light propagation in thick devices with perovskite transport layers.
aâ€“c, Experimental and simulated electroluminescence spectra at the substrate normal direction for Alq3-based (device D) (a), Ir(ppy)3-based (b) and 4CzIPN-based (c) OLEDs with 1,000-nm-thick MAPbCl3 transport layers. The experimental electroluminescence spectra were measured at 10Â mAÂ cmâˆ’2. The simulated electroluminescence spectra were obtained under the assumption of coherent or incoherent light propagation. d, e, Angular dependence of electroluminescence peak wavelength (d) and intensity (e) for Ir(ppy)3-based and 4CzIPN-based OLEDs. An angle of 0Â° in d and e correspond to the substrate-normal direction. The solid lines in d and e indicate the results of the optical simulations.


Extended Data Fig. 10 Large dependence of LOE on transport layer thickness.
aâ€“d, Calculated LOEs of Ir(ppy)3-based and 4CzIPN-based OLEDs with Tris-PCz and BPy-TP2 transport layers (a) and MAPbCl3 transport layers (b) and Alq3-based OLEDs with Î±-NPD and Alq3 transport layers (c) and MAPbCl3 transport layers (d). e, Angle-dependent photoluminescence intensities for mCBP films doped with 8Â wt% Ir(ppy)3 or 5Â wt% 4CzIPN. The solid line is the curve obtained by simulating a random dipole orientation. L1 and L2 are the HTL and ETL thicknesses, respectively.
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