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The rising complexity of modern computation demands increasingly efficient electronic devices. As integrated 
circuits (ICs) shrink, on-chip power density increases, leading to thermal constraints and performance 
degradation. Addressing this requires fundamentally more energy-efficient architectures. Neuromorphic 
computing offers a solution by integrating memory and processing, reducing energy-intensive data transfer 
inherent in von Neumann systems Non-volatile memory (NVM) devices such as Resistive RAM (ReRAM)1, 
Phase-Change RAM (PCRAM)2, Ferroelectric RAM (FeRAM)3, and Electrochemical RAM (ECRAM)4 enable 
in-memory computing through diverse physical mechanisms. High-performance neuromorphic systems require 
devices with large on/off ratios, multiple stable conductance states, linear and symmetric updates, and low 
energy consumption5. ECRAM stands out for meeting all these criteria6,7,8. In this work, we report on the 
fabrication and characterization of ECRAM devices based on two-dimensional (2D) materials, demonstrating 
up to 128 programming stable and distinct conductance states. We further design and evaluate crossbar array 
architecture incorporating these multi-state devices for energy-efficient multiply-and-accumulate (MAC) 
operations. Our results reveal high throughput, reduced energy consumption, and adaptable configurability, 
underscoring the potential of 2D ECRAM-based crossbars in accelerating linear algebra operations and enabling 
future hardware platforms for AI and scientific computing. 

 
1. Yoon, Jeong Hyun, et al. APL Materials 11, no. 9 (2023).1. Williams, R. Stanley. Computing in Science 

&amp; Engineering 19, no. 2 (March 2017): 7–13. 
2. Liu, Ruirui, et al. Journal of Non-Crystalline Solids 613 (2023): 122395. 
3. Yazaki, Naomi, et al.  IEEE Journal of the Electron Devices Society (2023). 
4. Talin, A. Alec, et al. "Electrochemical Random-Access Memory: Progress, Perspectives, and 

Opportunities." Chemical Reviews 125.4 (2025): 1962-2008. 
5. Nikam, Revannath Dnyandeo, et al. "Exploring the Cutting‐Edge Frontiers of Electrochemical Random-

Access Memories (ECRAMs) for Neuromorphic Computing: Revolutionary Advances in Material‐to‐
Device Engineering." Small 19.40 (2023): 2302593. 

6. Lu, Yingming, et al. "Energy‐Efficient Online Training within Situ Parallel Computing on 
Electrochemical Memory Arrays." Advanced Intelligent Systems (2025): 2401068. 

7. Nikam, Revannath Dnyandeo, et al. "Controlled ionic tunneling in lithium nanoionic synaptic transistor 
through atomically thin graphene layer for neuromorphic computing." Advanced Electronic Materials 6.2 
(2020): 1901100. 

8. Mallik, Samapika, et al. "Effects of Mg doping to a LiCoO2 channel on the synaptic plasticity of Li ion-
gated transistors." ACS Applied Materials & Interfaces 15.40 (2023): 47184-47195. 


