







    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 Photonics]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature photonics

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 28 September 2021



                    The role of host–guest interactions in organic emitters employing MR-TADF

                    	Xiugang Wu 
            ORCID: orcid.org/0000-0001-6670-32761 na1, 
	Bo-Kang Su2 na1, 
	Deng-Gao Chen 
            ORCID: orcid.org/0000-0001-6406-22092, 
	Denghui Liu1, 
	Chi-Chi Wu3, 
	Zhi-Xuan Huang2, 
	Ta-Chun Lin2, 
	Cheng-Ham Wu2, 
	Mengbing Zhu1, 
	Elise Y. Li3, 
	Wen-Yi Hung4, 
	Weiguo Zhu1 & 
	…
	Pi-Tai Chou 
            ORCID: orcid.org/0000-0002-8925-77472 

Show authors

                    

                    
                        
    Nature Photonics

                        volume 15, pages 780–786 (2021)Cite this article
                    

                    
        
            	
                        12k Accesses

                    
	
                        119 Citations

                    
	
                            3 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Fluorescence spectroscopy
	Organic LEDs


    


                
    
    

    
    

                
            


        
            Abstract
Research into organic light emitters employing multiple resonance-induced thermally activated delayed fluorescence (MR-TADF) materials is presently attracting a great deal of attention due to the potential for efficient deep-blue emission. However, the origins and mechanisms of successful TADF are unclear, as many MR-TADF materials do not show TADF behaviour in solution, but only as particular pure solids. Here, an investigation into a well-known MR-TADF material, DABNA-1, together with other new MR materials (9H-quinolino[3,2,1-kl]phenothiazin-9-one (QPO) and 9H-quinolino-[3,2,1-kl]-phenothiazin-9-one 5,5-dioxide (QP3O)), yields new insights regarding the origin of TADF. Although a material system may support the concept of MR, inefficiency in both forward and reverse intersystem crossings forbids TADF unless a suitable host material allows an exciplex-like host–emitter interaction that boosts TADF. This boosted-TADF mechanism can be generalized to any fluorescence dye that lacks TADF in the photoluminescence measurement but has a thermally accessible S1–T1 energy gap, opening the way to high-performance organic light-emitting diodes.
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                    Fig. 1: The molecular structures of the MR-TADF materials in this study.[image: ]


Fig. 2: Probing the transient interaction between host and DABNA-1 through pump–probe step-scan Fourier-transform UV–vis spectroscopy.[image: ]


Fig. 3: Energy alignment and proposed interaction for DABNA-1 and mCBP.[image: ]


Fig. 4: Energy alignment and proposed interaction for DABNA-1 and DPEPO.[image: ]


Fig. 5: Schematic of state energy alignment.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Asymmetric photoredox catalytic formal de Mayo reaction enabled by sensitization-initiated electron transfer
                                        
                                    

                                    
                                        Article
                                        
                                         02 April 2024
                                    

                                

                                Xin Sun, Yilin Liu, … Zhiyong Jiang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A figure of merit for efficiency roll-off in TADF-based organic LEDs
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                S. Diesing, L. Zhang, … I. D. W. Samuel

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Suppression of Dexter transfer by covalent encapsulation for efficient matrix-free narrowband deep blue hyperfluorescent OLEDs
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 March 2024
                                    

                                

                                Hwan-Hee Cho, Daniel G. Congrave, … Hugo Bronstein

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                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
	Hatakeyama, T. et al. Ultrapure blue thermally activated delayed fluorescence molecules: efficient HOMO–LUMO separation by the multiple resonance effect. Adv. Mater. 28, 2777–2781 (2016).
Article 
    
                    Google Scholar 
                

	Matsui, K. et al. One-shot multiple borylation toward BN-doped nanographenes. J. Am. Chem. Soc. 140, 1195–1198 (2018).
Article 
    
                    Google Scholar 
                

	Kondo, Y. et al. Narrowband deep-blue organic light-emitting diode featuring an organoboron-based emitter. Nat. Photon. 13, 678–682 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Liang, X. et al. Peripheral amplification of multi-resonance induced thermally activated delayed fluorescence for highly efficient OLEDs. Angew. Chem. 130, 11486–11490 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Zhang, Y. et al. Multi-resonance induced thermally activated delayed fluorophores for narrowband green OLEDs. Angew. Chem. 131, 17068–17073 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Xu, Y. et al. Molecular-structure and device-configuration optimizations toward highly efficient green electroluminescence with narrowband emission and high color purity. Adv. Opt. Mater. 8, 1902142 (2020).
Article 
    
                    Google Scholar 
                

	Zhang, Y. et al. Achieving pure green electroluminescence with CIEy of 0.69 and EQE of 28.2% from an aza-fused multi-resonance emitter. Angew. Chem. 132, 17652–17656 (2020).
Article 
    ADS 
    
                    Google Scholar 
                

	Yuan, Y. et al. The design of fused amine/carbonyl system for efficient thermally activated delayed fluorescence: novel multiple resonance core and electron acceptor. Adv. Opt. Mater. 7, 1801536 (2019).
Article 
    
                    Google Scholar 
                

	Li, X. et al. Thermally activated delayed fluorescence carbonyl derivatives for organic light-emitting diodes with extremely narrow full-width at half-maximum. ACS Appl. Mater. Interfaces 11, 13472–13480 (2019).
Article 
    
                    Google Scholar 
                

	Hall, D. et al. Improving processability and efficiency of resonant TADF emitters: a design strategy. Adv. Opt. Mater. 8, 1901627 (2020).
Article 
    
                    Google Scholar 
                

	Sun, D. et al. The design of an extended multiple resonance TADF emitter based on a polycyclic amine/carbonyl system. Mater. Chem. Front. 4, 2018–2022 (2020).
Article 
    
                    Google Scholar 
                

	Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly efficient organic light-emitting diodes from delayed fluorescence. Nature 492, 234–238 (2012).
Article 
    ADS 
    
                    Google Scholar 
                

	Liang, X., Tu, Z. L. & Zheng, Y. X. Thermally activated delayed fluorescence materials: towards realization of high efficiency through strategic small molecular design. Chem. Eur. J. 25, 5623–5642 (2019).
Article 
    
                    Google Scholar 
                

	Chen, Y.-H. et al. Insight into the mechanism and outcoupling enhancement of excimer-associated white light generation. Chem. Sci. 7, 3556–3563 (2016).
Article 
    
                    Google Scholar 
                

	Ahn, D. H. et al. Highly efficient blue thermally activated delayed fluorescence emitters based on symmetrical and rigid oxygen-bridged boron acceptors. Nat. Photon. 13, 540–546 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	Song, D. et al. Asymmetric thermally activated delayed fluorescence (TADF) emitters with 5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene (OBA) as the acceptor and highly efficient blue-emitting OLEDs. J. Mater. Chem. C 7, 11953–11963 (2019).
Article 
    
                    Google Scholar 
                

	Ganesan, P. et al. Functional pyrimidine-based thermally activated delay fluorescence emitters: photophysics, mechanochromism and fabrication of organic light-emitting diodes. Chem. Eur. J. 23, 2858–2866 (2017).
Article 
    
                    Google Scholar 
                

	Pan, K. C. et al. Efficient and tunable thermally activated delayed fluorescence emitters having orientation-adjustable CN-substituted pyridine and pyrimidine acceptor units. Adv. Funct. Mater. 26, 7560–7571 (2016).
Article 
    
                    Google Scholar 
                

	Teng, J.-M., Wang, Y.-F. & Chen, C.-F. Recent progress of narrowband TADF emitters and their applications in OLEDs. J. Mater. Chem. C 8, 11340–11353 (2020).
Article 
    
                    Google Scholar 
                

	El-Sayed, M. A. Spin–orbit coupling and the radiationless processes in nitrogen heterocyclics. J. Chem. Phys. 38, 2834–2838 (1963).
Article 
    ADS 
    
                    Google Scholar 
                

	Madayanad Suresh, S., Hall, D., Beljonne, D., Olivier, Y. & Zysman-Colman, E. Multiresonant thermally activated delayed fluorescence emitters based on heteroatom-doped nanographenes: recent advances and prospects for organic light-emitting diodes. Adv. Funct. Mater. 30, 1908677 (2020).
Article 
    
                    Google Scholar 
                

	Schweitzer, C. & Schmidt, R. Physical mechanisms of generation and deactivation of singlet oxygen. Chem. Rev. 103, 1685–1758 (2003).
Article 
    
                    Google Scholar 
                

	Notsuka, N., Nakanotani, H., Noda, H., Goushi, K. & Adachi, C. Observation of nonradiative deactivation behavior from singlet and triplet states of thermally activated delayed fluorescence emitters in solution. J. Phys. Chem. Lett. 11, 562–566 (2019).
Article 
    
                    Google Scholar 
                

	Zhang, J. et al. Intrinsically cancer-mitochondria-targeted thermally activated delayed fluorescence nanoparticles for two-photon-activated fluorescence imaging and photodynamic therapy. ACS Appl. Mater. Interfaces 11, 41051–41061 (2019).
Article 
    
                    Google Scholar 
                

	Kreiza, G. et al. Suppression of benzophenone-induced triplet quenching for enhanced TADF performance. J. Mater. Chem. C 7, 11522–11531 (2019).
Article 
    
                    Google Scholar 
                

	Cai, X. et al. ‘Rate-limited effect’ of reverse intersystem crossing process: the key for tuning thermally activated delayed fluorescence lifetime and efficiency roll-off of organic light emitting diodes. Chem. Sci. 7, 4264–4275 (2016).
Article 
    
                    Google Scholar 
                

	Zhang, Q. et al. Anthraquinone-based intramolecular charge-transfer compounds: computational molecular design, thermally activated delayed fluorescence and highly efficient red electroluminescence. J. Am. Chem. Soc. 136, 18070–18081 (2014).
Article 
    
                    Google Scholar 
                

	Lin, T.-C. et al. Probe exciplex structure of highly efficient thermally activated delayed fluorescence organic light emitting diodes. Nat. Commun. 9, 3111 (2018).
Article 
    ADS 
    
                    Google Scholar 
                

	Han, C. et al. A simple phosphine-oxide host with a multi-insulating structure: high triplet energy level for efficient blue electrophosphorescence. Chem. Eur. J. 17, 5800–5803 (2011).
Article 
    
                    Google Scholar 
                

	Zhang, Q. et al. Triplet exciton confinement in green organic light-emitting diodes containing luminescent charge-transfer Cu(I) complexes. Adv. Funct. Mater. 22, 2327–2336 (2012).
Article 
    
                    Google Scholar 
                

	Li, J., Nomura, H., Miyazaki, H. & Adachi, C. Highly efficient exciplex organic light-emitting diodes incorporating a heptazine derivative as an electron acceptor. Chem. Commun. 50, 6174–6176 (2014).
Article 
    
                    Google Scholar 
                

	Hung, W.-Y. et al. The first tandem, all-exciplex-based WOLED. Sci. Rep. 4, 5161 (2014).
Article 
    
                    Google Scholar 
                

	Sarma, M. & Wong, K.-T. Exciplex: an intermolecular charge-transfer approach for TADF. ACS Appl. Mater. Interfaces 10, 19279–19304 (2018).
Article 
    
                    Google Scholar 
                

	Wang, M. et al. Revealing the cooperative relationship between spin, energy and polarization parameters toward developing high-efficiency exciplex light-emitting diodes. Adv. Mater. 31, 1904114 (2019).
Article 
    
                    Google Scholar 
                

	Schrögel, P. et al. Meta-linked CBP-derivatives as host materials for a blue iridium carbene complex. Org. Electron. 12, 2047–2055 (2011).
Article 
    
                    Google Scholar 
                

	Oh, C. S., Kang, Y. J., Jeon, S. K. & Lee, J. Y. High efficiency exciplex emitters using donor–acceptor type acceptor material. J. Phys. Chem. C 119, 22618–22624 (2015).
Article 
    
                    Google Scholar 
                

	Chapran, M. et al. Realizing 20% external quantum efficiency in electroluminescence with efficient thermally activated delayed fluorescence from an exciplex. ACS Appl. Mater. Interfaces 11, 13460–13471 (2019).
Article 
    
                    Google Scholar 
                

	Wang, M. et al. Exploring mechanisms for generating spin–orbital coupling through donor–acceptor design to realize spin flipping in thermally activated delayed fluorescence. J. Mater. Chem. C 8, 3395–3401 (2020).
Article 
    
                    Google Scholar 
                

	Kavarnos, G. J. & Turro, N. J. Photosensitization by reversible electron transfer: theories, experimental evidence and examples. Chem. Rev. 86, 401–449 (1986).
Article 
    
                    Google Scholar 
                

	Hirata, S. et al. Highly efficient blue electroluminescence based on thermally activated delayed fluorescence. Nat. Mater. 14, 330–336 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Li, Y. et al. The role of fluorine-substitution on the π-bridge in constructing effective thermally activated delayed fluorescence molecules. J. Mater. Chem. C 6, 5536–5541 (2018).
Article 
    
                    Google Scholar 
                

	Vázquez, R. J., Kim, H., Zimmerman, P. M. & Goodson, T. Using ultra-fast spectroscopy to probe the excited state dynamics of a reported highly efficient thermally activated delayed fluorescence chromophore. J. Mater. Chem. C 7, 4210–4221 (2019).
Article 
    
                    Google Scholar 
                

	Han, S. H., Jeong, J. H., Yoo, J. W. & Lee, J. Y. Ideal blue thermally activated delayed fluorescence emission assisted by a thermally activated delayed fluorescence assistant dopant through a fast reverse intersystem crossing mediated cascade energy transfer process. J. Mater. Chem. C 7, 3082–3089 (2019).
Article 
    
                    Google Scholar 
                

	Wada, Y., Nakagawa, H., Matsumoto, S., Wakisaka, Y. & Kaji, H. Organic light emitters exhibiting very fast reverse intersystem crossing. Nat. Photon. 14, 643–649 (2020).
Article 
    ADS 
    
                    Google Scholar 
                

	Frisch, M. et al. Gaussian16 Revision B. 01 (Gaussian, 2016).


Download references




Acknowledgements
X.W., D.L., M.Z. and W.Z. acknowledge financial support from the National Natural Science Foundation of China (U1663229, 52073035), the Natural Science Foundation of Jiangsu Province (SBK2021020897), the Science and Technology Project of Changzhou University (ZMF20020429), Jiangsu Provincial Talents Project of High-Level Innovation and Entrepreneurship, the Top-notch Academic Programs Project (TAPP) for Polymeric Materials Science and Technology, and The Priority Academic Program Development (PAPD) of Jiangsu Higher Education Institutions, Brand Specialty & Preponderant Discipline Construction Projects of Jiangsu Higher Education Institutions. B.-K.S., D.-G.C., C.-C.W., Z.-X.H., T.-C.L., C.-H.W., E.Y.L., W.-Y.H. and P.-T.C. acknowledge financial support from Ministry of Science and Technology (MOST), Taiwan.


Author information
Author notes	These authors contributed equally: Xiugang Wu, Bo-Kang Su.


Authors and Affiliations
	School of Materials Science and Engineering, Jiangsu Collaborative Innovation Center of Photovoltaic Science and Engineering, Jiangsu Engineering Laboratory of Light-Electricity-Heat Energy-Converting Materials and Applications, Jiangsu Key Laboratories of Environment-Friendly Polymers, National Experimental Demonstration Center for Materials Science and Engineering, Changzhou University, Changzhou, China
Xiugang Wu, Denghui Liu, Mengbing Zhu & Weiguo Zhu

	Department of Chemistry, National Taiwan University, Taipei, Taiwan
Bo-Kang Su, Deng-Gao Chen, Zhi-Xuan Huang, Ta-Chun Lin, Cheng-Ham Wu & Pi-Tai Chou

	Department of Chemistry, National Normal Taiwan University, Taipei, Taiwan
Chi-Chi Wu & Elise Y. Li

	Department of Optoelectronics and Materials Technology and Center of Excellence for Ocean Engineering, National Taiwan Ocean University, Keelung, Taiwan
Wen-Yi Hung


Authors	Xiugang WuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bo-Kang SuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Deng-Gao ChenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Denghui LiuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chi-Chi WuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zhi-Xuan HuangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ta-Chun LinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Cheng-Ham WuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Mengbing ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Elise Y. LiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Wen-Yi HungView author publications
You can also search for this author in
                        PubMed Google Scholar



	Weiguo ZhuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Pi-Tai ChouView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
W.-Y.H., W.Z. and P.-T.C. conceived the project. X.W., B.-K.S. and D.-G.C. conducted the experiments, analysed the data and wrote the manuscript. W.-Y.H. helped with fabrication of the vacuum-deposited films. D.L., C.-C.W., Z.-X.H., T.-C.L., C.-H.W, M.Z., E.Y.L. and W.-Y.H. assisted in the characterization of the structure and provided helpful discussions. All authors commented on the paper.
Corresponding authors
Correspondence to
                Wen-Yi Hung, Weiguo Zhu or Pi-Tai Chou.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature Photonics thanks Fernando Dias and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary Figs. 1–37 and Tables 1–6.


Supplementary Data 1
Crystal structure of QPO.


Supplementary Data 2
Crystallographic data of QPO.


Supplementary Data 3
Crystal structure A of QP3O.


Supplementary Data 4
Crystallographic data A of QP3O.


Supplementary Data 5
Crystal structure B of QP3O.


Supplementary Data 6
Crystallographic data B of QP3O.





Rights and permissions
Reprints and permissions


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



Cite this article
Wu, X., Su, BK., Chen, DG. et al. The role of host–guest interactions in organic emitters employing MR-TADF.
                    Nat. Photon. 15, 780–786 (2021). https://doi.org/10.1038/s41566-021-00870-3
Download citation
	Received: 29 September 2020

	Accepted: 04 August 2021

	Published: 28 September 2021

	Issue Date: October 2021

	DOI: https://doi.org/10.1038/s41566-021-00870-3


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

                
                    	
                            
                                
                                    
                                        A figure of merit for efficiency roll-off in TADF-based organic LEDs
                                    
                                

                            
                                
                                    	S. Diesing
	L. Zhang
	I. D. W. Samuel


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Highly efficient multi-resonance thermally activated delayed fluorescence material toward a BT.2020 deep-blue emitter
                                    
                                

                            
                                
                                    	Junki Ochi
	Yuki Yamasaki
	Takuji Hatakeyama


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Narrowband blue emitter based on fused nitrogen/carbonyl combination with external quantum efficiency approaching 30%
                                    
                                

                            
                                
                                    	Long Chen
	Jia-Heng Cai
	Zuo-Quan Jiang


                                
                                Science China Chemistry (2024)

                            
	
                            
                                
                                    
                                        High-performance blue OLED using multiresonance thermally activated delayed fluorescence host materials containing silicon atoms
                                    
                                

                            
                                
                                    	Dongmin Park
	Seokwoo Kang
	Soo Young Park


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Multicolor hyperafterglow from isolated fluorescence chromophores
                                    
                                

                            
                                
                                    	Xiao Zhang
	Mingjian Zeng
	Wei Huang


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                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
	protocols.io
	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 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 — 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: ]
