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            Abstract
From a design, optimization and fabrication perspective, an organic light-emitting diode consisting of only one single layer of a neat semiconductor would be highly attractive. Here, we demonstrate an efficient and stable organic light-emitting diode based on a single layer of a neat thermally activated delayed fluorescence emitter. By employing ohmic electron and hole contacts, charge injection is efficient and the absence of heterojunctions results in an exceptionally low operating voltage of 2.9â€‰V at a luminance of 10,000â€‰cdâ€‰mâˆ’2. Balanced electron and hole transport results in a maximum external quantum efficiency of 19% at 500â€‰cdâ€‰mâˆ’2 and a broadened emission zone, which greatly improves the operational stability, allowing a lifetime to 50% of the initial luminance of 1,880â€‰h for an initial luminance of 1,000â€‰cdâ€‰mâˆ’2. As a result, this single-layer concept combines high power efficiency with long lifetime in a simplified architecture, rivalling and even exceeding the performance of complex multilayer devices.
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                    Fig. 1: Device layout and molecular structure of the TADF emitter CzDBA.[image: ]


Fig. 2: Charge transport in CzDBA and simulated recombination profile.[image: ]


Fig. 3: Device performance of single-layer CzDBA OLEDs.[image: ]


Fig. 4: Operational lifetime of single-layer CzDBA OLEDs.[image: ]


Fig. 5: Ambient stability of a single-layer CzDBA OLED.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Unravelling the electron injection/transport mechanism in organic light-emitting diodes
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 May 2021
                                    

                                

                                Tsubasa Sasaki, Munehiro Hasegawa, â€¦ Hirohiko Fukagawa

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Strategic-tuning of radiative excitons for efficient and stable fluorescent white organic light-emitting diodes
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 May 2019
                                    

                                

                                Zhongbin Wu, Yuan Liu, â€¦ Dongge Ma

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Towards efficient near-infrared fluorescent organic light-emitting diodes
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 January 2021
                                    

                                

                                Alessandro Minotto, Ibrahim Bulut, â€¦ Franco Cacialli

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.

            

References
	Tang, C. W. & Van Slyke, S. A. Organic electroluminescent diodes. Appl. Phys. Lett. 51, 913â€“915 (1987).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Burroughes, J. H. et al. Light-emitting diodes based on conjugated polymers. Nature 347, 539â€“541 (1990).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Blom, P. W. M., De Jong, M. J. M. & Vleggaar, J. J. M. Electron and hole transport in poly(p-phenylene vinylene) devices. Appl. Phys. Lett. 68, 3308â€“3310 (1996).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Nicolai, H. T. et al. Unification of trap-limited electron transport in semiconducting polymers. Nat. Mater. 11, 882â€“887 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kuik, M., Koster, L. J. A., Dijkstra, A. G., Wetzelaer, G. A. H. & Blom, P. W. M. Non-radiative recombination losses in polymer light-emitting diodes. Org. Electron. 13, 969â€“974 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kido, J., Kimura, M. & Nagai, K. Multilayer white light-emitting organic electroluminescent device. Science 267, 1332â€“1334 (1995).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Baldo, M. A. et al. Highly efficient phosphorescent emission from organic electroluminescent devices. Nature 395, 151â€“154 (1998).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Adachi, C. et al. Nearly 100% internal phosphorescence efficiency in an organic light-emitting device. J. Appl. Phys. 90, 5048â€“5051 (2001).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Pfeiffer, M., Forrest, S. R., Leo, K. & Thompson, M. E. Electrophosphorescent pâ€“iâ€“n organic light emitting devices for very high efficiency flat panel displays. Adv. Mater. 14, 1633â€“1636 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	He, G. et al. High-efficiency and low-voltage pâ€“iâ€“n electrophosphorescent organic light-emitting diodes with double-emission layers. Appl. Phys. Lett. 85, 3911â€“3913 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Walzer, K., Maennig, B., Pfeiffer, M. & Leo, K. Highly efficient organic devices based on electrically doped transport layers. Chem. Rev. 107, 1233â€“1271 (2007).

                    Google ScholarÂ 
                

	Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly efficient organic light-emitting diodes from delayed fluorescence. Nature 492, 234â€“238 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Liu, Y., Li, C., Ren, Z., Yan, S. & Bryce, M. R. All-organic thermally activated delayed fluorescence materials for organic light-emitting diodes. Nat. Rev. Mater. 3, 18020 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cui, L.-S. et al. Long-lived efficient delayed fluorescence organic light-emitting diodes using n-type hosts. Nat. Commun. 8, 2250 (2017).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zhang, Q. et al. Nearly 100% internal quantum efficiency in undoped electroluminescent devices employing pure organic emitters. Adv. Mater. 27, 2096â€“2100 (2015).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kotadiya, N. B. et al. Universal strategy for ohmic hole injection into organic semiconductors with high ionization energies. Nat. Mater. 17, 329â€“334 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wu, T.-L. et al. Diboron compound-based organic light-emitting diodes with high efficiency and reduced efficiency roll-off. Nat. Photon. 12, 235â€“240 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zhou, M. et al. Effective work functions for the evaporated metal/organic semiconductor contacts from in-situ diode flatband potential measurements. Appl. Phys. Lett. 101, 013501 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kao, K.-C. & Hwang, W. Electrical Transport in Solids (Pergamon Press, 1981).

	Koster, L. J. A., Smits, E. C. P., Mihailetchi, V. D. & Blom, P. W. M. Device model for the operation of polymer/fullerene bulk heterojunction solar cells. Phys. Rev. B 72, 085205 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Shirota, Y. & Kageya, H. Chem. Rev. 107, 953â€“1010 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kuik, M. et al. Charge transport and recombination in polymer light-emitting diodes. Adv. Mater. 26, 512â€“531 (2014).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Giebink, N. C. et al. Intrinsic luminance loss in phosphorescent small-molecule organic light-emitting diodes due to bimolecular annihilation reactions. J. Appl. Phys. 103, 044509 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zhang, Y., Lee, J. & Forrest, S. R. Tenfold increase in the lifetime of blue phosphorescent organic light-emitting diodes. Nat. Commun. 5, 5008 (2014).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kim, J.-M., Lee, C.-H. & Kim, J.-J. Mobility balance in the light-emitting layer governs the polaron accumulation and operational stability of organic light-emitting diodes. Appl. Phys. Lett. 111, 203301 (2017).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Niu, Q., Rohloff, R., Wetzelaer, G.-J. A. H., Blom, P. W. M. & CrÄƒciun, N. I. Hole trap formation in polymer light-emitting diodes under current stress. Nat. Mater. 17, 557â€“562 (2018).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Meerheim, R., Furno, M., Hofmann, S., LÃ¼ssem, B. & Leo, K. Quantification of energy loss mechanisms in organic light-emitting diodes. Appl. Phys. Lett. 97, 253305 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	De Bruyn, P., van Rest, A. H. P., Wetzelaer, G. A. H., de Leeuw, D. M. & Blom, P. W. M. Diffusion-limited current in organic metalâ€“insulatorâ€“metal diodes. Phys. Rev. Lett. 111, 186801 (2013).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Meerheim, R., Walzer, K., He, G., Pfeiffer, M. & Leo, K. Highly efficient organic light emitting diodes (OLED) for diplays and lighting. Proc. SPIE 6192, 61920P (2006).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sasabe, H. et al. Extremely low operating voltage green phosphorescent organic light-emitting devices. Adv. Funct. Mater. 23, 5550â€“5555 (2013).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Zhang, D. D., Qiao, J., Zhang, D. Q. & Duan, L. Ultrahighâ€�efficiency green PHOLEDs with a voltage under 3â€‰V and a power efficiency of nearly 110â€‰lmâ€‰Wâˆ’1 at luminance of 10,000â€‰cdâ€‰mâˆ’2. Adv. Mater. 29, 1702847 (2017).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Sasabe, H. et al. Ultrahigh power efficiency thermally activated delayed fluorescent OLEDs by the strategic use of electron-transport materials. Adv. Opt. Mater. 6, 1800376 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Seino, Y., Inomata, S., Sasabe, H., Pu, Y.-J. & Kido, J. High-performance green OLEDs using thermally activated delayed fluorescence with a power efficiency of over 100â€‰lmâ€‰Wâˆ’1. Adv. Mater. 28, 2638â€“2643 (2016).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Schaer, M., Nuesch, F., Berner, D., Leo, W. & Zuppiroli, L. Water vapor and oxygen degradation mechanisms in organic light emitting diodes. Adv. Funct. Mater. 11, 116â€“121 (2001).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Van de Weijer, P., Lu, K., de Winter, S. H. P. M., Janssen, R. R. & Akkerman, H. B. Mechanism of the operational effect of black spot growth in OLEDs. Org. Electron. 37, 155â€“162 (2016).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Phatak, R., Tsui, T. Y. & Aziz, H. Dependence of dark spot growth on cathode/organic interfacial adhesion in organic light emitting devices. J. Appl. Phys. 111, 054512 (2012).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	De Bruyn, P., Moet, D. J. D. & Blom, P. W. M. All-solution processed polymer light-emitting diodes with air stable metal-oxide electrodes. Org. Electron. 13, 1023â€“1030 (2012).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Tang, S. et al. Design rules for light-emitting electrochemical cells delivering bright luminance at 27.5 percent external quantum efficiency. Nat. Commun. 8, 1190 (2017).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Godumala, M., Choi, S., Cho, M. J. & Choi, D. H. Recent breakthroughs in thermally activated delayed fluorescence organic light emitting diodes containing non-doped emitting layers. J. Mater. Chem. C 7, 2172â€“2198 (2019).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Silvestre, G. C. M., Johnson, M. T., Giraldo, A. & Shannon, J. M. Light degradation and voltage drift in polymer light-emitting diodes. Appl. Phys. Lett. 78, 1619â€“1621 (2001).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Forrest, S. R., Bradley, D. D. C. & Thompson, M. E. Measuring the efficiency of organic light-emitting devices. Adv. Mater. 15, 1043â€“1048 (2003).
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank C. Bauer, H.-J. Guttmann and F. Keller for technical support and Y. Ie for the synthesis of 4CzIPN. This project has received funding from the European Union Horizon 2020 research and innovation programme under grant agreement no. 646176 (EXTMOS).


Author information
Authors and Affiliations
	Max Planck Institute for Polymer Research, Mainz, Germany
Naresh B. Kotadiya,Â Paul W. M. BlomÂ &Â Gert-Jan A. H. Wetzelaer


Authors	Naresh B. KotadiyaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Paul W. M. BlomView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gert-Jan A. H. WetzelaerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
G.-J.A.H.W. proposed the project. G.-J.A.H.W. and N.B.K. designed the experiments. N.B.K. carried out device fabrication and measurements. G.-J.A.H.W. performed simulations. G.-J.A.H.W. and P.W.M.B. supervised the project and wrote the manuscript.
Corresponding author
Correspondence to
                Gert-Jan A. H. Wetzelaer.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Molecular structures and optoelectronic characterization.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Kotadiya, N.B., Blom, P.W.M. & Wetzelaer, GJ.A.H. Efficient and stable single-layer organic light-emitting diodes based on thermally activated delayed fluorescence.
                    Nat. Photonics 13, 765â€“769 (2019). https://doi.org/10.1038/s41566-019-0488-1
Download citation
	Received: 08 February 2019

	Accepted: 05 June 2019

	Published: 08 July 2019

	Issue Date: November 2019

	DOI: https://doi.org/10.1038/s41566-019-0488-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Large-bandgap organic semiconductors with trap-free charge transport
                                    
                                

                            
                                
                                Nature Materials (2023)

                            
	
                            
                                
                                    
                                        Elimination of charge-carrier trapping by molecular design
                                    
                                

                            
                                
                                    	Oskar Sachnik
	Xiao Tan
	Paul W. M. Blom


                                
                                Nature Materials (2023)

                            
	
                            
                                
                                    
                                        Singlet and triplet to doublet energy transfer: improving organic light-emitting diodes with radicals
                                    
                                

                            
                                
                                    	Feng Li
	Alexander J. Gillett
	Emrys W. Evans


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Unravelling the electron injection/transport mechanism in organic light-emitting diodes
                                    
                                

                            
                                
                                    	Tsubasa Sasaki
	Munehiro Hasegawa
	Hirohiko Fukagawa


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        High efficiency blue organic light-emitting diodes with below-bandgap electroluminescence
                                    
                                

                            
                                
                                    	Maria Vasilopoulou
	Abd. Rashid bin Mohd Yusoff
	Nicola Gasparini


                                
                                Nature Communications (2021)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Photonics (Nat. Photon.)
                
                
    
    
        ISSN 1749-4893 (online)
    
    


                
    
    
        ISSN 1749-4885 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
