







    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: 19 August 2020



                    Piezoelectric and pyroelectric effects induced by interface polar symmetry

                    	Ming-Min YangÂ 
            ORCID: orcid.org/0000-0002-6628-51121Â nAff5, 
	Zheng-Dong Luo1, 
	Zhou Mi2, 
	Jinjin Zhao2,3, 
	Sharel Pei E4Â nAff6 & 
	â€¦
	Marin AlexeÂ 
            ORCID: orcid.org/0000-0002-0386-30261Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 584,Â pages 377â€“381 (2020)Cite this article
                    

                    
        
            	
                        21k Accesses

                    
	
                        136 Citations

                    
	
                            109 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Electronic properties and materials
	Surfaces, interfaces and thin films


    


                
    
    

    
    

                
            


        
            Abstract
Interfaces in heterostructures have been a key point of interest in condensed-matter physics for decades owing to a plethora of distinctive phenomenaâ€”such as rectification1, the photovoltaic effect2, the quantum Hall effect3 and high-temperature superconductivity4â€”and their critical roles in present-day technical devices. However, the symmetry modulation at interfaces and the resultant effects have been largely overlooked. Here we show that a built-in electric field that originates from band bending at heterostructure interfaces induces polar symmetry therein that results in emergent functionalities, including piezoelectricity and pyroelectricity, even though the component materials are centrosymmetric. We study classic interfacesâ€”namely, Schottky junctionsâ€”formed by noble metal and centrosymmetric semiconductors, including niobium-doped strontium titanium oxide crystals, niobium-doped titanium dioxide crystals, niobium-doped barium strontium titanium oxide ceramics, and silicon. The built-in electric field in the depletion region induces polar structures in the semiconductors and generates substantial piezoelectric and pyroelectric effects. In particular, the pyroelectric coefficient and figure of merit of the interface are over one order of magnitude larger than those of conventional bulk polar materials. Our study enriches the functionalities of heterostructure interfaces, offering a distinctive approach to realizing energy transduction beyond the conventional limitation imposed by intrinsic symmetry.
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                    Fig. 1: Crystal symmetry engineering and Schottky junction electrical characterization.[image: ]


Fig. 2: Interface piezoelectric effect.[image: ]


Fig. 3: Interface pyroelectric effect.[image: ]


Fig. 4: Giant magnitude and universal nature of the interface polar effects.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Electrical-field-engineered symmetry in (001)-oriented Nb:SrTiO3 and Nb:TiO2 crystals.
a, Schematic showing the common group of theâ€‰\(m\bar{3}m\) point group and the âˆžm group. b, Schematic showing the common group of the 4/mmm point group and the âˆžm group. Only the rotation symmetry elements are shown here while the mirror symmetry elements are omitted. The dome symbol represents the intersect operation.


Extended Data Fig. 2 Microscopic processes of interface piezoelectric and pyroelectric effects.
a, The electric polarization and compensating charges of the Schottky junction in the equilibrium state. b, Charge redistribution when the junction is subjected to a tensile stress. c, The charge redistribution when subjecting to heating. The piezoelectric and pyroelectric effects persist whenever there is a depletion region with a built-in field. However, another factor, that is, the effective barrier, which assures good insulating properties in reverse-bias conditions, is critical for the ability of the junction to deliver displacive current and consequently to output electricity. If the barrier becomes leaky, for example, by further increased temperature, the re-distribution of charge carriers will happen by electron transmission directly cross the interface via either tunnelling or thermionic emission. In this case, the pyroelectric effect might still be there, but it is screened by alternative conducting channels. This is to a certain extent similar to the situation of a solar cell affected by a low shunt resistance.


Extended Data Fig. 3 Electric characterization of the Al/Nb:SrTiO3/Al and Au/Nb:TiO2 junctions.
a, Câˆ’2â€“V curve of the Au/Nb:SrTiO3 junction in a large voltage range. The red dots are the measured data and the blue line is the linear fit near zero voltage. bâ€“d, Currentâ€“voltage curves of the Al/Nb:SrTiO3/Al (b), Au/Nb:TiO2/Al (c) and Al/Nb:TiO2/Al (d) heterostructures. e, Câˆ’2â€“V curve of the Au/Nb:TiO2/Al junction. The red dots are the measured data and the blue line is the linear fit near zero voltage. f, The Câˆ’2â€“V curve of the Au/Nb:TiO2/Al junction and its linear fit near zero voltage. Given the dopant density of 3.4Â Ã—Â 1025Â mâˆ’3 in Nb:TiO2, this fit indicates that the effective permittivity of the Au/Nb:TiO2 junction is 1.02Â Ã—Â 10âˆ’9Â CÂ VÂ mâˆ’1 and a built-in potential of 1.45Â V. As we are mainly concerned here with the piezoelectric effect of the Schottky junctions without applying bias (that is, near-zero voltage), the electrical parameters derived by fitting around the zero-voltage bias give a good description of the junction properties and lead to a quantitative prediction of the piezoelectric effect consistent with experimental results.


Extended Data Fig. 4 Current output by the Nb:SrTiO3 and Nb:TiO2 crystals with Ohmic contacts and charges generated in Schottky junctions.
a, b, Current density generated by the the Al/Nb:SrTiO3/Al heterostructure (a) and the Al/Nb:TiO2/Al heterostructure (b) under the stimuli of external stress. Clearly, the current density waveforms generated in the crystals with Ohmic contacts show not only a low magnitude compared with that shown in Fig. 2 but also an irregular time dependence. This demonstrates both crystals with Ohmic contacts have no piezoelectric effect. c, d, Charge waveforms generated in Au/Nb:SrTiO3/Al junction driven by dynamic stress (c) and temperature (d) by integrating the generated current with respect to time in Figs. 2b, 3a.


Extended Data Fig. 5 Electric characterization of the Au/Nb:Ba0.6Sr0.4TiO3 junction.
a, Temperature-dependent dielectric constant of the insulating Ba0.6Sr0.4TiO3 ceramic. b, Current densityâ€“voltage curve. c, Capacitanceâ€“voltage curve of the Au/Nb:Ba0.6Sr0.4TiO3 junction.


Extended Data Fig. 6 Negligible piezoelectricity in Ohmic contacted ceramics.
a, The current density output by the Au/Nb:Ba0.6Sr0.4TiO3/Ga-In (black line) and Ga-In/Nb:Ba0.6Sr0.4TiO3/Ga-In (red line) driven by sinusoidally varied stress (top). b, The current density generated by the Gaâ€“In/Ba0.6Sr0.4TiO3/Gaâ€“In heterojunctions under sinusoidally varied stress. Note that the current density amplitude observed in both ceramics with only Ohmic contacts are three to four order of magnitude smaller than that generated in the Au/Nb:Ba0.6Sr0.4TiO3 junction, demonstrating the essential role of the Schottky contact in the induced piezoelectric effect.


Extended Data Fig. 7 Direct piezoelectric effect characterization setup
.


Extended Data Fig. 8 Converse piezoelectric effect characterization.
a, Schematic showing the measurement setup. b, Forceâ€“distance curve of PPP-EFM-50 (Nanosensors) on the Au/Nb:SrTiO3. Z is the distance moved by the AFM tip stage.


Extended Data Fig. 9 Pyroelectric effect characterization setup
.
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