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            Abstract
Recently, on-chip comb generation methods based on nonlinear optical modulation in ultrahigh-quality-factor monolithic microresonators have been demonstrated, where two pump photons are transformed into sideband photons in a four-wave-mixing process mediated by Kerr nonlinearity. Here, we investigate line-by-line pulse shaping of such combs generated in silicon nitride ring resonators. We observe two distinct paths to comb formation that exhibit strikingly different time-domain behaviours. For combs formed as a cascade of sidebands spaced by a single free spectral range that spread from the pump, we are able to compress stably to nearly bandwidth-limited pulses. This indicates high coherence across the spectra and provides new data on the high passive stability of the spectral phase. For combs where the initial sidebands are spaced by multiple free spectral ranges that then fill in to give combs with single free-spectral-range spacing, the time-domain data reveal partially coherent behaviour.
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                    Figure 1: High-Q silicon nitride microring.[image: ]


Figure 2: Experimental set-up.[image: ]


Figure 3: Generated Kerr frequency combs from silicon nitride rings.[image: ]


Figure 4: Optical arbitrary waveform generation from a Kerr comb.[image: ]


Figure 5: Compressed pulses of type-I Kerr combs.[image: ]


Figure 6: Compressed pulses of type-II Kerr combs.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Agile THz-range spectral multiplication of frequency combs using a multi-wavelength laser
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 February 2024
                                    

                                

                                Shahab Abdollahi, Mathieu Ladouce, â€¦ Martin Virte

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        High-efficiency and broadband on-chip electro-optic frequency comb generators
                                        
                                    

                                    
                                        Article
                                        
                                         29 August 2022
                                    

                                

                                Yaowen Hu, Mengjie Yu, â€¦ Marko LonÄ�ar

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Spectral extension and synchronization of microcombs in a single microresonator
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 December 2020
                                    

                                

                                Shuangyou Zhang, Jonathan M. Silver, â€¦ Pascal Delâ€™Haye

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Udem, T., Holzwarth, R. & HÃ¤nsch, T. W. Optical frequency metrology. Nature 416, 233â€“237 (2002).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Diddams, S. A., Bergquist, J. C., Jefferts, S. R. & Oates, C. W. Standards of time and frequency at the outset of the 21st century. Science 306, 1318â€“1324 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Keilmann, F., Gohle, C. & Holzwarth, R. Time-domain mid-infrared frequency-comb spectrometer. Opt. Lett. 29, 1542â€“1544 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Schliesser, A., Brehm, M., Keilmann, F. & Weide van der, D. W. Frequency-comb infrared spectrometer for rapid, remote chemical sensing. Opt. Express 13, 9029â€“9038 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Diddams, S. A., Hollberg, L. & Mbele, V. Molecular fingerprinting with the resolved modes of a femtosecond laser frequency comb. Nature 445, 627â€“630 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Thorpe, M. J., Moll, K. D., Jones, J. J., Safdi, B. & Ye, J. Broadband cavity ringdown spectroscopy for sensitive and rapid molecular detection. Science 311, 1595â€“1599 (2006).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Coddington, I., Swann, W. C. & Newbury, N. R. Coherent multiheterodyne spectroscopy using stabilized optical frequency combs. Phys. Rev. Lett. 100, 013902 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jones, D. J. et al. Carrier-envelope phase control of femtosecond mode-locked lasers and direct optical frequency synthesis. Science 288, 635â€“639 (2000).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Murata, H., Morimoto, A., Kobayashi, T. & Yamamoto, S. Optical pulse generation by electrooptic-modulation method and its application to integrated ultrashort pulse generators. IEEE J. Sel. Top. Quantum Electron. 6, 1325â€“1331 (2000).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Yamamoto, T., Komukai, T., Suzuki, K. & Takada, A. Spectrally flattened phase-locked multi-carrier light generator with phase modulators and chirped fibre Bragg grating. Electron. Lett. 43, 1040â€“1042 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wu, R., Supradeepa, V. R., Long, C. M., Leaird, D. E. & Weiner, A. M. Generation of very flat optical frequency combs from continuous-wave lasers using cascaded intensity and phase modulators driven by tailored radio frequency waveforms. Opt. Lett. 35, 3234â€“3226 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kourogi, M., Nakagawa, K. & Ohtsu, M. Wide-span optical frequency comb generator for accurate optical frequency difference measurement. IEEE J. Quantum Electron. 29, 2693â€“2701 (1993).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Kippenberg, T. J., Holzwarth, R. & Diddams, S. A. Microresonator-based optical frequency combs. Science 332, 555â€“559 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	DelHaye, P. et al. Optical frequency comb generation from a monolithic microresonator. Nature 450, 1214â€“1217 (2007).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Levy, J. S. et al. CMOS-compatible multiple-wavelength oscillator for on-chip optical interconnects. Nature Photon. 4, 37â€“40 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Razzari, L. et al. CMOS compatible integrated optical hyper-parametric oscillator. Nature Photon. 4, 41â€“45 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Grudinin, I. S., Yu, N. & Maleki, L. Generation of optical frequency combs with a CaF2 resonator. Opt. Lett. 34, 878â€“880 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	DelHaye, P., Arcizet, O., Schliesser, A., Holzwarth, R. & Kippenberg, T. J. Full stabilization of a microresonator-based optical frequency comb. Phys. Rev. Lett. 101, 053903 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Del'Haye, P. et al. Octave spanning tunable frequency comb from a microresonator. Phys. Rev. Lett. 107, 063901 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Foster, M. A. et al. Silicon-based monolithic optical frequency comb source. Opt. Express 19, 14233â€“14239 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Okawachi, Y. et al. Octave-spanning frequency comb generation in a silicon nitride chip. Opt. Lett. 36, 3398â€“3400 (2011).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ferrera, M. et al. Low power four wave mixing in an integrated, micro-ring resonator with QÂ =Â 1.2 million. Opt. Express 17, 14098â€“14103 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Arcizet, O., Schliesser, A., Del'Haye, P., Holzwarth, R. & Kippenberg, T. J. Optical frequency comb generation in monolithic microresonators, in Practical Applications of Microresonators in Optics and Photonics (Taylor & Francis, 2009).

                    Google ScholarÂ 
                

	Weiner, A. M. Femtosecond pulse shaping using spatial light modulators. Rev. Sci. Instrum. 71, 1929â€“1960 (2000).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jiang, Z., Seo, D. S., Leaird, D. E. & Weiner, A. M. Spectral line by line pulse shaping. Opt. Lett. 30, 1557â€“1559 (2005).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Miyamoto, D. et al. Waveform-controllable optical pulse generation using an optical pulse synthesizer. IEEE Photon. Technol. Lett. 18, 721â€“723 (2006).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jiang, Z., Huang, C.-B., Leaird, D. E. & Weiner, A. M. Optical arbitrary waveform processing of more than 100 spectral comb lines. Nature Photon. 1, 463â€“467 (2007).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Fontaine, N. K. et al. 32 phaseÂ Ã—Â 32 amplitude optical arbitrary waveform generation. Opt. Lett. 32, 865â€“867 (2007).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Cundiff, S. T. & Weiner, A. M. Optical arbitrary waveform generation. Nature Photon. 4, 760â€“766 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Huang, C. B., Park, S. G., Leaird, D. E. & Weiner, A. M. Nonlinearly broadened phase-modulated continuous-wave laser frequency combs characterized using DPSK decoding. Opt. Express 16, 2520â€“2527 (2008).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Miao, H., Leaird, D. E., Langrock, C., Fejer, M. M. & Weiner, A. M. Optical arbitrary waveform characterization via dual-quadrature spectral shearing interferometry. Opt. Express 17, 3381â€“3389 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chembo, Y. K., Strekalov, D. V. & Yu, N. Spectrum and dynamics of optical frequency combs generated with monolithic whispering gallery mode resonators. Phys. Rev. Lett. 104, 103902 (2010).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Agha, I. H., Okawachi, Y. & Gaeta, A. L. Theoretical and experimental investigation of broadband cascaded four-wave mixing in high-Q microspheres. Opt. Express 17, 16209â€“16215 (2009).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Papp, S. B. & Diddams, S. A. Spectral and temporal characterization of a fused-quartz microresonator optical frequency comb. Preprint at http://arxiv.org/abs/1106.2487v1 (2011).

	Heritage, J. P., Weiner, A. M. & Thurston, R. N. Picosecond pulse shaping by spectral phase and amplitude manipulation. Opt. Lett. 10, 609â€“611 (1985).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ippen, E. P. & Shank, C. V. Ultrashort Light Pulses (Springer-Verlag, 1977).

                    Google ScholarÂ 
                

	Weiner, A. M. Ultrafast Optics (John Wiley & Sons, 2009).
BookÂ 
    
                    Google ScholarÂ 
                

	Carmon, T., Yang, L. & Vahala, K. J. Dynamic thermal behavior and thermal self-stability of microcavities. Opt. Express 12, 4742â€“4750 (2004).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Shoji, T., Tsuchizawa, T., Watanabe, T., Yamada, K. & Morita, H. Low loss mode size converter from 0.3Â Âµm square Si wire waveguides to single mode fibres. Electron. Lett. 38, 1669â€“1670 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
The authors gratefully acknowledge the comments and suggestions from V. Aksyuk, M. Qi, C. Long and Victor Torres Company, and thank the staff of the CNST Nanofab, particularly R. Kasica, for assistance with electron-beam lithography. This project was supported in part by the National Science Foundation (grants ECCS-0925759 and ECCS-1102110), by the Naval Postgraduate School (grant N00244-09-1-0068) under the National Security Science and Engineering Faculty Fellowship programme, and by the NIST-CNST/UMD-NanoCenter Cooperative Agreement. Any opinions, findings and conclusions or recommendations expressed in this publication are those of the authors and do not necessarily reflect the views of the sponsors.


Author information
Authors and Affiliations
	School of Electrical and Computer Engineering, Purdue University, 465 Northwestern Avenue, West Lafayette, 47907-2035, Indiana, USA
Fahmida Ferdous,Â Daniel E. Leaird,Â Jian Wang,Â Leo Tom VargheseÂ &Â Andrew M. Weiner

	Center for Nanoscale Science and Technology, National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, 20899, Maryland, USA
Houxun Miao,Â Kartik SrinivasanÂ &Â Lei Chen

	Maryland Nanocenter, University of Maryland, College Park, 20742, Maryland, USA
Houxun Miao

	Birck Nanotechnology Center, Purdue University, 1205 West State Street, West Lafayette, 47907, Indiana, USA
Jian Wang,Â Leo Tom VargheseÂ &Â Andrew M. Weiner


Authors	Fahmida FerdousView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Houxun MiaoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Daniel E. LeairdView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kartik SrinivasanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jian WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



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



	Leo Tom VargheseView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Andrew M. WeinerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
F.F. led the pulse-shaping and compression experiments, with assistance from D.E.L., H.M. and J.W. H.M. led device fabrication with the assistance of L.C. Microring design and/or characterization was carried out by F.F., K.S. and L.T.V. The project was organized and coordinated by A.M.W. and H.M. A.M.W., H.M., F.F., D.E.L. and K.S. contributed to the writing.
Corresponding authors
Correspondence to
                Houxun Miao or Andrew M. Weiner.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary information (PDF 451 kb)




Rights and permissions
Reprints and permissions


About this article
Cite this article
Ferdous, F., Miao, H., Leaird, D. et al. Spectral line-by-line pulse shaping of on-chip microresonator frequency combs.
                    Nature Photon 5, 770â€“776 (2011). https://doi.org/10.1038/nphoton.2011.255
Download citation
	Received: 17 March 2011

	Accepted: 08 September 2011

	Published: 09 October 2011

	Issue Date: December 2011

	DOI: https://doi.org/10.1038/nphoton.2011.255


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

                
                    	
                            
                                
                                    
                                        All-fibre phase filters with 1-GHz resolution for high-speed passive optical logic processing
                                    
                                

                            
                                
                                    	Saket Kaushal
	A. Aadhi
	JosÃ© AzaÃ±a


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Tera-sample-per-second arbitrary waveform generation in a synthetic dimension
                                    
                                

                            
                                
                                    	Yiran Guan
	Jiejun Zhang
	Jianping Yao


                                
                                Communications Physics (2023)

                            
	
                            
                                
                                    
                                        Efficient Kerr soliton comb generation in micro-resonator with interferometric back-coupling
                                    
                                

                            
                                
                                    	J. M. Chavez Boggio
	D. BodenmÃ¼ller
	T. Hansson


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Microcomb-driven silicon photonic systems
                                    
                                

                            
                                
                                    	Haowen Shu
	Lin Chang
	John E. Bowers


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        SiN-based platform toward monolithic integration in photonics and electronics
                                    
                                

                            
                                
                                    	Wenjuan Xiong
	Guilei Wang
	Henry H. Radamson


                                
                                Journal of Materials Science: Materials in Electronics (2021)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                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: ]
