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            Abstract
Non-reciprocal photonic devices, including optical isolators and circulators, are indispensible components in optical communication systems. However, the integration of such devices on semiconductor platforms has been challenging because of material incompatibilities between semiconductors and magneto-optical materials that necessitate wafer bonding, and because of the large footprint of isolator designs. Here, we report the first monolithically integrated magneto-optical isolator on silicon. Using a non-reciprocal optical resonator on an silicon-on-insulator substrate, we demonstrate unidirectional optical transmission with an isolation ratio up to 19.5Â dB near the 1,550Â nm telecommunication wavelength in a homogeneous external magnetic field. Our device has a small footprint that is 290Â Âµm in length, significantly smaller than a conventional integrated optical isolator on a single crystal garnet substrate. This monolithically integrated non-reciprocal optical resonator may serve as a fundamental building block in a variety of ultracompact silicon photonic devices including optical isolators and circulators, enabling future low-cost, large-scale integration.
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                    Figure 1: Structure and operation principle of the monolithic non-reciprocal optical-resonator-based isolator.[image: ]


Figure 2: Optical isolation performance of the isolator.[image: ]


Figure 3: Simulated device performance as a function of SOI waveguide height.[image: ]


Figure 4: Dispersion relations of the resonance peak shift and FSR of the optical isolator.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Electrically driven optical isolation through phonon-mediated photonic Autlerâ€“Townes splitting
                                        
                                    

                                    
                                        Article
                                        
                                         21 October 2021
                                    

                                

                                Donggyu B. Sohn, OÄŸulcan E. Ã–rsel & Gaurav Bahl

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Scalable and efficient grating couplers on low-index photonic platforms enabled by cryogenic deep silicon etching
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 February 2024
                                    

                                

                                Emma Lomonte, Maik Stappers, â€¦ Francesco Lenzini

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Integrated passive nonlinear optical isolators
                                        
                                    

                                    
                                        Article
                                        
                                         01 December 2022
                                    

                                

                                Alexander D. White, Geun Ho Ahn, â€¦ Jelena VuÄ�koviÄ‡

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Yu, Z. & Fan, S. Complete optical isolation created by indirect interband photonic transitions. Nature Photon. 3, 91â€“94 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	DÃ¶tsch, H. et al. Applications of magneto-optical waveguides in integrated optics: review. J. Opt. Soc. Am. B 22, 240â€“253 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Sung, S., Qi, X. & Stadler B. J. H. Integrating yttrium iron garnet onto nongarnet substrates with faster deposition rates and high reliability. Appl. Phys. Lett. 87, 121111 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Boudiar, T. et al. Magneto-optical properties of yttrium iron garnet (YIG) thin films elaborated by radio frequency sputtering. J. Magn. Magn. Mater. 284, 77â€“85 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Shintaku, T. Integrated optical isolator based on efficient nonreciprocal radiation mode conversion. Appl. Phys. Lett. 73, 1946â€“1948 (1998).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fujita, J., Levy, M., Osgood, R. M. Jr, Wilkens, L. & DÃ¶tsch, H. Waveguide optical isolator based on Machâ€“Zehnder interferometer. Appl. Phys. Lett. 76, 2158â€“2160 (2000).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kim, H. S., Bi, L., Dionne, G. F. & Ross, C. A. Magnetic and magneto-optical properties of Fe-doped SrTiO3 films. Appl. Phys. Lett. 93, 092506 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Bi, L., Kim, H. S., Dionne, G. F. & Ross, C. A. Structure, magnetic properties and magnetoelastic anisotropy in epitaxial Sr(Ti1â€“xCox)O3 films. New J. Phys. 12, 043044 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zaman, T. R., Guo, X. & Ram, R. J. Semiconductor waveguide isolators. J. Lightwave Technol. 26, 291â€“301 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Wang, Z. & Fan, S. Optical circulators in two-dimensional magneto-optical photonic crystals. Opt. Lett. 30, 1989â€“1991 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kono, N., Kakihara, K., Saitoh, K. & Koshiba, M. Nonreciprocal microresonators for the miniaturization of optical waveguide isolators. Opt. Express 15, 7737â€“7751 (2007).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jalas, D., Petrov, A., Krause, M., Hampe, J. & Eich, M. Resonance splitting in gyrotropic ring resonators. Opt. Lett. 35, 3438â€“3440 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Shoji, Y., Mizumoto, T., Yokoi, H., Hsieh, I. & Osgood, R. M. Magneto-optical isolator with silicon waveguides fabricated by direct bonding. Appl. Phys. Lett. 92, 071117 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Tien, M., Mizumoto, T., Pintus, P., Kromer, H. & Bowers, J. E. Silicon ring isolators with bonded nonreciprocal magneto-optical garnets. Opt. Express 19, 11740â€“11745 (2011)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Bi, L. Magneto-Optical Oxide Thin Films and Integrated Nonreciprocal Photonic Devices. PhD thesis, Massachusetts Institute of Technology (2011).

                    Google ScholarÂ 
                

	Bi, L., Hu, J., Dionne, G. F., Kimerling, L. & Ross, C. A. Monolithic integration of chalcogenide glass/iron garnet waveguides and resonators for on-chip nonreciprocal photonic devices. Proc. SPIE 7941, 794105 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Espinola, R. L., Izuhara, T., Tsai, M., Osgood, R. M. & DÃ¶tsch, H. Magneto-optical nonreciprocal phase shift in garnet/silicon-on-insulator waveguides. Opt. Lett. 29, 941â€“943 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Duan, G. H., Favre, H. & Le Guen, D. FM noise and linewidth reduction in a 1.5Â Âµm InGaAsP DFB laser coupled to an external fiber resonator. Opt. Commun. 15, 111â€“114 (1988).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Henry, C. H. Theory of the linewidth of semiconductor lasers. IEEE J. Quantum Electron. 18, 259â€“264 (1982).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Hu, J. Planar Chalcogenide Glass Materials and Devices. PhD thesis, Massachusetts Institute of Technology (2009).

                    Google ScholarÂ 
                

	Integrated Optics Software FIMMWAVE 4.5, Photon Design, Oxford, UK; available at http://www.photond.com

	Higuchi, S., Furukawa, Y., Tekekawa, S., Kamada, O. & Kitamura K. Magneto-optical properties of cerium-substituted yttrium iron garnet single crystals grown by traveling solvent floating zone method. Jpn J. Appl. Phys. 38, 4122â€“4126 (1999).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Gomi, M., Furuyama, H. & Abe, M. Strong magneto-optical enhancement in highly Ce-substituted iron garnet films prepared by sputtering. J. Appl. Phys. 70, 7065â€“7067 (1991).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Holzwarth, C. W., Barwicz, T. & Smith, H. I. Optimization of hydrogen silsesquioxane for photonic applications. J. Vac. Sci. Technol. B 25, 2658â€“2661 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
The authors thank Jie Sun for discussions on silicon resonator fabrication. The support of the National Science Foundation and an Intel Fellowship for Lei Bi is gratefully acknowledged.


Author information
Authors and Affiliations
	Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, 02139, Massachusetts, USA
Lei Bi,Â Peng Jiang,Â Dong Hun Kim,Â Gerald F. Dionne,Â Lionel C. KimerlingÂ &Â C. A. Ross

	Department of Materials Science and Engineering, University of Delaware, Newark, 19716, Delaware, USA
Juejun Hu


Authors	Lei BiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Juejun HuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peng JiangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dong Hun KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gerald F. DionneView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lionel C. KimerlingView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	C. A. RossView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
L.B. conducted the theoretical simulation, material fabrication, device fabrication and testing. J.H. conceived the device and contributed to theoretical simulation and device testing. P.J. and D.H.K. contributed to material fabrication. G.F.D., L.C.K. and C.A.R. supervised and coordinated the project. All authors contributed to writing the paper.
Corresponding authors
Correspondence to
                Lei Bi or C. A. Ross.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary information
Supplementary information (PDF 852 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Bi, L., Hu, J., Jiang, P. et al. On-chip optical isolation in monolithically integrated non-reciprocal optical resonators.
                    Nature Photon 5, 758â€“762 (2011). https://doi.org/10.1038/nphoton.2011.270
Download citation
	Received: 15 June 2011

	Accepted: 28 September 2011

	Published: 13 November 2011

	Issue Date: December 2011

	DOI: https://doi.org/10.1038/nphoton.2011.270


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

                
                    	
                            
                                
                                    
                                        Integrated electro-optic isolator on thin-film lithium niobate
                                    
                                

                            
                                
                                    	Mengjie Yu
	Rebecca Cheng
	Marko LonÄ�ar


                                
                                Nature Photonics (2023)

                            
	
                            
                                
                                    
                                        Directional terahertz holography with thermally active Janus metasurface
                                    
                                

                            
                                
                                    	Benwen Chen
	Shengxin Yang
	Peiheng Wu


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        Ferromagnetism emerged from non-ferromagnetic atomic crystals
                                    
                                

                            
                                
                                    	Cheng Gong
	Peiyao Zhang
	Xiang Zhang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Giant enhancement of nonreciprocity in gyrotropic heterostructures
                                    
                                

                            
                                
                                    	Ioannis Katsantonis
	Anna C. Tasolamprou
	Constantinos Valagiannopoulos


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Noiseless single-photon isolator at room temperature
                                    
                                

                            
                                
                                    	Shicheng Zhang
	Yifan Zhan
	Yueping Niu


                                
                                Communications Physics (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Focus

                                
                                    Microwave photonics
                                

                            
                        

                    
                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
