







    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]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 15 July 2020



                    Monolithic piezoelectric control of soliton microcombs

                    	Junqiu LiuÂ 
            ORCID: orcid.org/0000-0003-2405-60281Â na1, 
	Hao Tian2Â na1, 
	Erwan Lucas1Â na1Â nAff3, 
	Arslan S. Raja1Â na1, 
	Grigory Lihachev1, 
	Rui Ning WangÂ 
            ORCID: orcid.org/0000-0002-5704-39711, 
	Jijun He1, 
	Tianyi Liu1, 
	Miles H. Anderson1, 
	Wenle WengÂ 
            ORCID: orcid.org/0000-0003-2628-51741, 
	Sunil A. BhaveÂ 
            ORCID: orcid.org/0000-0001-7193-22412 & 
	â€¦
	Tobias J. KippenbergÂ 
            ORCID: orcid.org/0000-0002-3408-886X1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 583,Â pages 385â€“390 (2020)Cite this article
                    

                    
        
            	
                        13k Accesses

                    
	
                        108 Citations

                    
	
                            91 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Frequency combs
	Integrated optics
	Solitons


    


                
    
    

    
    

                
            


        
            Abstract
High-speed actuation of laser frequency1 is critical in applications using lasers and frequency combs2,3, and is a prerequisite for phase locking, frequency stabilization and stability transfer among optical carriers. For example, high-bandwidth feedback control of frequency combs is used in optical-frequency synthesis4, frequency division5 and optical clocks6. Soliton microcombs7,8 have emerged as chip-scale frequency comb sources, and have been used in system-level demonstrations9,10. Yet integrated microcombs using thermal heaters have limited actuation bandwidths11,12 of up to 10Â kilohertz. Consequently, megahertz-bandwidth actuation and locking of microcombs have only been achieved with off-chip bulk component modulators. Here we demonstrate high-speed soliton microcomb actuation using integrated piezoelectric components13. By monolithically integrating AlN actuators14 on ultralow-loss Si3N4 photonic circuits15, we demonstrate voltage-controlled soliton initiation, tuning and stabilization with megahertz bandwidth. The AlN actuators use 300Â nanowatts of power and feature bidirectional tuning, high linearity and low hysteresis. They exhibit a flat actuation response up to 1Â megahertzâ€”substantially exceeding bulk piezo tuning bandwidthâ€”that is extendable to higher frequencies by overcoming coupling to acoustic contour modes of the chip. Via synchronous tuning of the laser and the microresonator, we exploit this ability to frequency-shift the optical comb spectrum (that is, to change the combâ€™s carrier-envelope offset frequency) and make excursions beyond the soliton existence range. This enables a massively parallel frequency-modulated engine16,17 for lidar (light detection and ranging), with increased frequency excursion, lower power and elimination of channel distortions resulting from the soliton Raman self-frequency shift. Moreover, by modulating at a rate matching the frequency of high-overtone bulk acoustic resonances18, resonant build-up of bulk acoustic energy allowsÂ a 14-fold reduction of the required driving voltage, making it compatible with CMOS (complementary metalâ€“oxideâ€“semiconductor) electronics. Our approach endows soliton microcombs with integrated, ultralow-power and fast actuation, expanding the repertoire of technological applications of microcombs.
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                    Fig. 1: Principle of monolithic piezoelectric control of chip-based soliton microcombs.[image: ]


Fig. 2: Piezoelectric voltage-controlled soliton initiation and tuning.[image: ]


Fig. 3: High-speed piezoelectric actuation for on-chip PDH error signal generation and soliton repetition rate stabilization.[image: ]


Fig. 4: Hybrid AlN-Si3N4 soliton lidar engine.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental characterization of resonance frequency versus applied voltage.
a, Experimental set-up. OSA, optical spectrum analyser; PD, photodiode. b, Resonance tuning data with error bars. The voltage applied to the AlN actuator is varied in the range Â±100Â V in order to reveal the hysteresis. The standard deviation (s.d.) of the measured frequency at each voltage value is evaluated using the measured frequency with respect to the fitted frequency on the linear curve. The error bars show Â±1Â s.d. Inset, magnified view highlighting the difference in scale between the observed hysteresis (that is, the frequency difference between two fitted curves) and the error bars. The overall frequency measurement uncertainty is estimated to be below 15Â MHz, smaller than the observed hysteresis.


Extended Data Fig. 2 Characterization of resonance linewidth and microresonator dispersion.
a, Comparison of loaded resonance linewidths with different applied voltages. No voltage-dependent linewidth change is observed. b, Comparison of microresonator dispersion with different applied voltages. No dispersion change is observed.


Extended Data Fig. 3 Long-term soliton stabilization via AlN feedback actuation.
a, Experimental set-up. OSC, oscilloscope; BPF, bandpass filter; FBG, fibre Bragg grating. b, Soliton stabilization over 5Â h, realized by locking the resonance to the laser and maintaining the soliton detuning. Three selected comb lines that exist for more than 5Â h are shown here.


Extended Data Fig. 4 On-chip generation of PDH error signals using the HBAR modes induced by AlN actuation.
a, Experimental set-up. LPF, low-pass filter; Amp., RF power amplifier. b, The measured S21(Ï‰) response of the AlN actuator on a linear frequency scale. Measurements are taken when the laser is on-resonance and off-resonance. c, PDH error signals modulated at the four HBAR frequencies marked with stars in b.


Extended Data Fig. 5 Experimental set-ups used to characterize the soliton lidar engine and soliton locking.
a, Experimental set-up for the synchronous scan of the laser frequency and the microresonator resonance, using the feed-forward scheme. b, Experimental set-up used to characterize the in-loop phase noise of the beat signal between line no. âˆ’1 of the microcomb and line no. âˆ’13 of the EO comb. QPSK, quadrature phase shift keying; DSO, digital storage oscilloscope; MZM, Machâ€“Zehnder modulator; PNA, phase noise analyser.


Extended Data Fig. 6 Original, unprocessed optical micrographÂ data used to prepare Fig. 1b in the main text
.


Extended Data Fig. 7 Original, unprocessed SEM data used to prepare Fig. 1c in the main text
.
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