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            Abstract
Amorphous metal-oxide semiconductors have emerged as potential replacements for organic and silicon materials in thin-film electronics. The high carrier mobility in the amorphous state, and excellent large-area uniformity, have extended their applications to active-matrix electronics, including displays, sensor arrays and X-ray detectors1,2,3,4,5,6,7. Moreover, their solution processability and optical transparency have opened new horizons for low-cost printable and transparent electronics on plastic substrates8,9,10,11,12,13. But metal-oxide formation by the sol–gel route requires an annealing step at relatively high temperature2,14,15,16,17,18,19, which has prevented the incorporation of these materials with the polymer substrates used in high-performance flexible electronics. Here we report a general method for forming high-performance and operationally stable metal-oxide semiconductors at room temperature, by deep-ultraviolet photochemical activation of sol–gel films. Deep-ultraviolet irradiation induces efficient condensation and densification of oxide semiconducting films by photochemical activation at low temperature. This photochemical activation is applicable to numerous metal-oxide semiconductors, and the performance (in terms of transistor mobility and operational stability) of thin-film transistors fabricated by this route compares favourably with that of thin-film transistors based on thermally annealed materials. The field-effect mobilities of the photo-activated metal-oxide semiconductors are as high as 14 and 7 cm2 V−1 s−1 (with an Al2O3 gate insulator) on glass and polymer substrates, respectively; and seven-stage ring oscillators fabricated on polymer substrates operate with an oscillation frequency of more than 340 kHz, corresponding to a propagation delay of less than 210 nanoseconds per stage.
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                    Figure 1: 
                        Photo-activation of solution-processed metal-oxide semiconductors by DUV.
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Figure 2: 
                        Transfer characteristics of photo-annealed IGZO, IZO and In
                        
                        2
                        O
                        
                        3
                         TFTs using Al
                        
                        2
                        O
                        
                        3
                         and SiO
                        
                        2
                         gate dielectric, and comparison with thermally annealed devices.
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Figure 3: 
                        Electrical characteristics and bias stability of photo-annealed IGZO TFTs on flexible substrates.
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Figure 4: 
                        Characteristics of seven-stage ring oscillators fabricated on a PAR substrate by photo-annealing.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        High-speed and large-scale intrinsically stretchable integrated circuits
                                        
                                    

                                    
                                        Article
                                        
                                         13 March 2024
                                    

                                

                                Donglai Zhong, Can Wu, … Zhenan Bao

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Phase patterning of liquid crystal elastomers by laser-induced dynamic crosslinking
                                        
                                    

                                    
                                        Article
                                        
                                         26 March 2024
                                    

                                

                                Seok Hwan Choi, Ju Hee Kim, … Seung Hwan Ko

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        High-performance ferroelectric field-effect transistors with ultra-thin indium tin oxide channels for flexible and transparent electronics
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 March 2024
                                    

                                

                                Qingxuan Li, Siwei Wang, … Lin Chen

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Nomura, K. et al. Room-temperature fabrication of transparent flexible thin-film transistors using amorphous oxide semiconductors. Nature 432, 488–492 (2004)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Kim, M. G., Kanatzidis, M. G., Facchetti, A. & Marks, T. J. Low-temperature fabrication of high-performance metal oxide thin-film electronics via combustion processing. Nature Mater. 10, 382–388 (2011)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Facchetti, A. & Marks, T. J. Transparent Electronics (Wiley, 2010)
Book 
    
                    Google Scholar 
                

	Dusastre, V. Materials for Sustainable Energy. (World Scientific, 2010)

	Kamiya, T., Nomura, K. & Hosono, H. Present status of amorphous In-Ga-Zn-O thin-film transistors. Sci. Technol. Adv. Mater. 11, 044305 (2010)
Article 
    
                    Google Scholar 
                

	Jeon, S. et al. Nanometer-scale oxide thin film transistor with potential for high-density image sensor applications. ACS Appl. Mater. Interfaces 3, 1–6 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Kim, K. M. et al. Competitive device performance of low-temperature and all-solution-processed metal-oxide thin-film transistors. Appl. Phys. Lett. 99, 242109 (2011)
Article 
    ADS 
    
                    Google Scholar 
                

	Yang, S. et al. Low-temperature processed flexible In-Ga-Zn-O thin-film transistors exhibiting high electrical performance. Electron. Dev. Lett. 32, 1692–1694 (2011)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Wager, J. F. Transparent electronics. Science 300, 1245–1246 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Cao, Q. et al. Medium-scale carbon nanotube thin-film integrated circuits on flexible plastic substrates. Nature 454, 495–500 (2008)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Klauk, H. Organic Electronics: Materials, Manufacturing and Applications (Wiley-VCH, 2006)
Book 
    
                    Google Scholar 
                

	Briseno, A. L. et al. Patterning organic single-crystal transistor arrays. Nature 444, 913–917 (2006)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Sekitani, T., Zschieschang, U., Klauk, H. & Someya, T. Flexible organic transistors and circuits with extreme bending stability. Nature Mater. 9, 1015–1022 (2010)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Han, S. Y., Herman, G. S. & Chang, C. Low-temperature, high-performance, solution-processed indium oxide thin-film transistors. J. Am. Chem. Soc. 133, 5166–5169 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Jeong, S., Ha, Y. G., Moon, J., Facchetti, A. & Marks, T. J. Role of gallium doping in dramatically lowering amorphous-oxide processing temperatures for solution-derived indium zinc oxide thin-film transistors. Adv. Mater. 22, 1346–1350 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Meyers, S. T. et al. Aqueous inorganic inks for low-temperature fabrication of ZnO TFTs. J. Am. Chem. Soc. 130, 17603–17609 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	Kim, Y. H., Han, J. I. & Park, S. K. Effect of Zn/Tin composition ratio on the operational stability of solution-processed zinc tin oxide thin film transistors. IEEE Electron Device Lett. 33, 50–52 (2012)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Kim, Y. H., Han, M. K., Han, J. I. & Park, S. K. Effect of metallic composition on electrical properties of solution-processed indium-gallium-zinc-oxide thin film transistors. IEEE Trans. Electron. Dev. 57, 1009–1014 (2010)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Adamopoulos, G. et al. High-mobility low-voltage ZnO and Li-doped ZnO transistors based on ZrO2 high-k dielectric grown by spray pyrolysis in ambient air. Adv. Mater. 23, 1894–1898 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Van de Leest, R. E. UV photo-annealing of thin sol-gel films. Appl. Surf. Sci. 86, 278–285 (1995)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Imai, H. in Handbook of Sol-Gel Science and Technology: Processing, Characterization and Applications Vol. 1 (ed. Sakka, S. ) 639–650 (Kluwer, 2005)

                    Google Scholar 
                

	Clark, T., Jr et al. A new application of UV-ozone treatment in the preparation of substrate-supported, mesoporous thin films. Chem. Mater. 12, 3879–3884 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Imai, H., Tominaga, A., Hirashima, H., Toki, M. & Asakuma, N. Ultraviolet-reduced reduction and crystallization of indium oxide films. J. Appl. Phys. 85, 203–207 (1999)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Park, Y. M., Daniel, J., Heeney, M. & Salleo, A. Room-temperature fabrication of ultrathin oxide gate dielectrics for low-voltage operation of organic field-effect transistors. Adv. Mater. 23, 971–974 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Hwang, S., Lee, J. H., Woo, C. H., Lee, J. Y. & Cho, H. K. Effect of annealing temperature on the electrical performances of solution-processed InGaZnO thin film transistors. Thin Solid Films 519, 5146–5149 (2011)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Lim, W. et al. Improvement in bias stability of amorphous-InGaZnO4 thin film transistors with SiOx passivation layers. J. Vac. Sci. Technol. B 28, 116–119 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Son, K.-S. et al. Highly stable double-gate Ga-In-Zn-O thin-film transistor. Electron Dev. Lett. 31, 812–814 (2010)
Article 
    CAS 
    ADS 
    
                    Google Scholar 
                

	Cho, E. N., Kang, J. H., Kim, C. E., Moon, P. & Yun, I. Analysis of bias stress instability in amorphous InGaZnO thin-film transistors. IEEE Trans. Device Mater. Reliab. 11, 112–117 (2011)
Article 
    CAS 
    
                    Google Scholar 
                

	Choi, H. S. et al. Influence of Hf contents on interface state properties in a-HfInZnO thin-film transistors with SiNx/SiOx gate dielectrics. Appl. Phys. Lett. 99, 183502 (2011)
Article 
    ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We acknowledge discussions with C.-I. Kim, S.-H. Song, H.-I. Kwon, B.-S. Bae, Y. Hong, S. Lim, J.-I. Han, M. J. Lee, A. Fenoglio and K.-H. Kim. This work was partially supported by Basic Science Research Program (no. 2010-0002623) and World-Class University Program (no. R31-10026) through a National Research Foundation of Korea (NRF) grant funded by the Ministry of Education, Science, and Technology.


Author information
Authors and Affiliations
	Flexible Display Research Center, Korea Electronics Technology Institute, Seongnam 463-816, Korea, 
Yong-Hoon Kim, Tae-Hyeong Kim, Jiwan Kim & Min Suk Oh

	School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 156-756, Korea, 
Jae-Sang Heo & Sung Kyu Park

	School of Materials Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea, 
Sungjun Park & Myung-Han Yoon

	Department of Nanobio Materials and Electronics, World Class University, Gwangju Institute of Science and Technology, Gwangju 500-712, Korea, 
Myung-Han Yoon

	Department of Polymer Science and Engineering, Sungkyunkwan University, Suwon 440-746, Korea, 
Gi-Ra Yi

	Department of Chemical Engineering, Hanbat National University, Daejeon 305-719, Korea, 
Yong-Young Noh


Authors	Yong-Hoon KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jae-Sang HeoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tae-Hyeong KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sungjun ParkView author publications
You can also search for this author in
                        PubMed Google Scholar



	Myung-Han YoonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jiwan KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Min Suk OhView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gi-Ra YiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yong-Young NohView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sung Kyu ParkView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
S.K.P. designed the project and experiments; Y.-H.K., J.-S.H., T.-H.K., S.P., J.K., M.S.O., M.-H.Y. and S.K.P. carried out the experiments; S.K.P. and Y.-H.K. discussed and interpreted all the results; M.-H.Y., G.-R.Y. and Y.-Y.N. gave conceptual advice on the chemistry-related experiments and discussions. S.K.P., Y.-H.K., M.-H.Y. and G.-R.Y. wrote the manuscript, with S.K.P. the lead writer. All authors read and commented on the manuscript.
Corresponding author
Correspondence to
                Sung Kyu Park.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Figures
This file contains Supplementary Figures 1-12. (PDF 1338 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Kim, YH., Heo, JS., Kim, TH. et al. Flexible metal-oxide devices made by room-temperature photochemical activation of sol–gel films.
                    Nature 489, 128–132 (2012). https://doi.org/10.1038/nature11434
Download citation
	Received: 13 February 2012

	Accepted: 23 July 2012

	Published: 05 September 2012

	Issue Date: 06 September 2012

	DOI: https://doi.org/10.1038/nature11434


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

                
                    	
                            
                                
                                    
                                        Intense pulsed light annealing of solution-based indium–gallium–zinc–oxide semiconductors with printed Ag source and drain electrodes for bottom gate thin film transistors
                                    
                                

                            
                                
                                    	Chang-Jin Moon
	Jong-Whi Park
	Hak-Sung Kim


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Solution-Processed Aluminum-Zirconium Oxide as a Gate Dielectric for InGaZnO Thin Film Transistors
                                    
                                

                            
                                
                                    	Jeong Hun Han
	So Young Lee
	Yong-Sang Kim


                                
                                Journal of Electrical Engineering & Technology (2024)

                            
	
                            
                                
                                    
                                        High-speed hybrid complementary ring oscillators based on solution-processed organic and amorphous metal oxide semiconductors
                                    
                                

                            
                                
                                    	Xiaozhu Wei
	Shohei Kumagai
	Jun Takeya


                                
                                Communications Materials (2023)

                            
	
                            
                                
                                    
                                        Highly Stretchable, Sensitive, and Multifunctional Thermoelectric Fabric for Synergistic-Sensing Systems of Human Signal Monitoring
                                    
                                

                            
                                
                                    	Yifan Cui
	Xinyang He
	Qiang Wang


                                
                                Advanced Fiber Materials (2023)

                            
	
                            
                                
                                    
                                        A new dimension for magnetosensitive e-skins: active matrix integrated micro-origami sensor arrays
                                    
                                

                            
                                
                                    	Christian Becker
	Bin Bao
	Oliver G. Schmidt


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Semiconductors in the spotlight
Solution-processable metal-oxide semiconductors are attractive materials for low-cost, flexible electronics, but the need to anneal the deposited materials at relatively high temperatures limits the range of substrates on which such devices can be fabricated. Now Yong-Hoon Kim and colleagues demonstrate that irradiating the solution-cast films with deep ultraviolet light can obviate the need for an annealing step. In this system, photochemical activation serves essentially the same purpose as annealing, and the resulting semiconducting materials have device performance levels comparable to those produced using the high-temperature techniques.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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 — 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: ]
