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            Abstract
Neural networks based on memristive devices1,2,3 have the ability to improve throughput and energy efficiency for machine learning4,5 and artificial intelligence6, especially in edge applications7,8,9,10,11,12,13,14,15,16,17,18,19,20,21. Because training a neural network model from scratch is costly in terms of hardware resources, time and energy, it is impractical to do it individually on billions of memristive neural networks distributed at the edge. A practical approach would be to download the synaptic weights obtained from the cloud training and program them directly into memristors for the commercialization of edge applications. Some post-tuning in memristor conductance could be done afterwards or during applications to adapt to specific situations. Therefore, in neural network applications, memristors require high-precision programmability to guarantee uniform and accurate performance across a large number of memristive networks22,23,24,25,26,27,28. This requires many distinguishable conductance levels on each memristive device, not only laboratory-made devices but also devices fabricated in factories. Analog memristors with many conductance states also benefit other applications, such as neural network training, scientific computing and even â€˜mortal computingâ€™25,29,30. Here we report 2,048 conductance levels achieved with memristors in fully integrated chips with 256â€‰Ã—â€‰256 memristor arrays monolithically integrated on complementary metalâ€“oxideâ€“semiconductor (CMOS) circuits in a commercial foundry. We have identified the underlying physics that previously limited the number of conductance levels that could be achieved in memristors and developed electrical operation protocols to avoid such limitations. These results provide insights into the fundamental understanding of the microscopic picture of memristive switching as well as approaches to enable high-precision memristors for various applications.
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                    Fig. 1: High-precision memristor for neuromorphic computing.[image: ]


Fig. 2: Direct observation of the evolution of conduction channels in the denoising process using C-AFM.[image: ]


Fig. 3: Trapped-charge-induced conductance change in incomplete conduction channels.[image: ]


Fig. 4: Mechanism of denoising using subthreshold voltage, identified using C-AFM measurements and phase-field theory simulations.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Energy-efficient memcapacitor devices for neuromorphic computing
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 October 2021
                                    

                                

                                Kai-Uwe Demasius, Aron Kirschen & Stuart Parkin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Fully hardware-implemented memristor convolutional neural network
                                        
                                    

                                    
                                        Article
                                        
                                         29 January 2020
                                    

                                

                                Peng Yao, Huaqiang Wu, â€¦ He Qian

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Hardware implementation of memristor-based artificial neural networks
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 March 2024
                                    

                                

                                Fernando Aguirre, Abu Sebastian, â€¦ Mario Lanza

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The data that support the findings of this study are available from the corresponding author upon reasonable request.
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              The algorithm for memristor high-precision programming isÂ included in the Supplementary Information. The code for physical modelling and simulations is available at GitHub (https://github.com/htang113/HfO2-memristor-denoise/tree/main).
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