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ABSTRACT
Neuromorphic computing demands devices that mimic synaptic plasticity while
operating at ultralow energy levels. This paper investigates energy-efficient
neuromorphic VLSI cores that employ 2D-material-based synapses such as
MoS., WS., and h-BN heterostructures. The architectures leverage charge-
trapping dynamics and low-voltage switching characteristics to implement
biologically plausible learning rules. An integrated array of 64 %64 synapses
demonstrates analog weight modulation with picojoule programming energies,
while the associated neuron circuits maintain stable operation under device
variability. System-level evaluations on edge-AIl benchmarks show up to 55%
energy savings compared to SRAM-based ANN accelerators. The proposed
design also includes a reliability model addressing endurance degradation and
layer-interface defects. Overall, 2D synaptic materials show exceptional
potential for creating scalable, low-power neuromorphic platforms for sensor-

edge intelligence.
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INTRODUCTION

Neuromorphic computing has emerged as a transformative design paradigm aimed at
reproducing the computational principles of biological neural systems. As conventional von
Neumann architectures face limitations due to memory bottlenecks, high power consumption,
and scaling saturation, neuromorphic systems attempt to overcome these challenges by
integrating memory and computation within the same physical fabric. A vital requirement for
such architectures is the development of ultra-low-power synaptic devices that can efficiently

emulate synaptic plasticity, spike timing dynamics, and analog weight modulation.

Recent advances in two-dimensional (2D) materials, including transition-metal
dichalcogenides (TMDs), graphene, black phosphorus, and hexagonal boron nitride (h-BN),
have opened up new opportunities for the fabrication of highly energy-efficient neuromorphic
cores. Their atomic thickness, high carrier mobility, mechanical flexibility, and tunable
electronic band structures make them promising candidates for artificial synapses.
Neuromorphic cores based on 2D materials have demonstrated sub-picojoule switching
energies, long-term reliability, multi-level conductance states, and large-scale integration

potential.

This paper presents a detailed investigation of energy-efficient neuromorphic cores that employ
2D material synapses, exploring current research progress, device mechanisms, architectural

implications, performance metrics, challenges, and future scope.

LITERATURE REVIEW
Research on neuromorphic computing systems has rapidly expanded across device, circuit, and
architecture levels. Several notable studies emphasize the usefulness of 2D materials for

synaptic and neuronal device fabrication.

Early works on graphene-based synapses showcased exceptional carrier mobility and non-
volatility. Though graphene lacks a suitable bandgap for ideal switching, hybrid graphene-
oxide structures achieved stable conductance modulation. Subsequent developments in TMDs,
such as MoS: and WS:, demonstrated advantages including high ON/OFF ratios, scalable

channel dimensions, and intrinsic switching uniformity. These devices are particularly suitable
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for analog synaptic weight updates, spike-timing-dependent plasticity (STDP), and paired-
pulse facilitation (PPF).

Black phosphorus has also shown significant potential due to its anisotropic transport behavior,
enabling precise control of synaptic pathways. In addition, van der Waals heterostructures,
which combine multilayered 2D materials, have introduced enhanced charge trapping

mechanisms suitable for long-term potentiation (LTP) and long-term depression (LTD).

At the circuit level, researchers have investigated crossbar arrays incorporating 2D synapses to
build scalable neuromorphic cores. These architectures reduce data movement energy and
support high-density matrix-vector multiplications required for neural networks. Integrating
these synaptic arrays with CMOS neuron circuits has further accelerated advancements in

hybrid neuromorphic processors.

NEUROMORPHIC CORE ARCHITECTURE

Neuromorphic cores typically consist of arrays of artificial synapses interfaced with neuron

circuits that handle spike generation, accumulation, and threshold firing. The incorporation of

2D material synapses modifies this design by enabling more compact, energy-efficient, and

analog-friendly architectures.

A standard neuromorphic core using 2D synapses includes:

1. 2D Synaptic Crossbar Array:

e FEach cross-point contains a 2D synaptic device whose conductance represents the synaptic
weight.

e Supports vector-matrix multiplications essential to deep learning inference.

2. CMOS Neuron Layer:

e Implements leaky integrate-and-fire (LIF) or spiking neuron models.

e Communicates with synaptic arrays through spikes rather than continuous signals.

3. Peripheral Circuits:

e Include analog-to-digital interfaces, pulse generators, plasticity controllers, and routing
units.

4. On-chip Learning Engine:

e Uses STDP or gradient-based learning.
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e Performs weight updates using short voltage pulses to tune 2D synapse conductance.
These architectural elements combine to form an energy-efficient neuromorphic core capable

of supporting real-time processing for machine intelligence.

MECHANISMS OF 2D MATERIAL SYNAPSES

2D material synapses utilize several physical mechanisms to emulate biological plasticity.
These include charge trapping, ion migration, ferroelectric switching, and defect modulation.
1. Charge-Trapping Mechanism

Layered TMD devices, such as MoS2/h-BN stacks, exhibit strong charge-trapping behavior.
Trapped charges alter channel conductivity, allowing multi-level synaptic weights.

2. Ion-migration-based Synapses

In materials such as VS, and MXenes, ion movement creates transient intermediate states that
mimic short-term plasticity like PPF and STP (short-term potentiation).

3. Defect-driven Conductance States

Vacancy engineering in graphene or MoS: enables analog resistive switching suitable for
gradual LTP and LTD.

4. Ferroelectric Field-Effect Synapses

Ferroelectric 2D materials (e.g., CulnP2S¢) produce stable polarization states, enabling non-

volatile weight storage with low update energy.

Table 1: Comparison Of Different 2d Materials for Synaptic Applications

2D Material Key Advantage Limitation Suitability
High mobility, fast o
Graphene o No bandgap Short-term plasticity
switching
Good ON/OFF ratio,
MoS: Moderate mobility LTP/LTD, STDP
scalable
Black o Sensitivity to High-precision analog
Directional transport )
Phosphorus oxygen weights
MXenes Strong ion migration Stability concerns ||Short-term memory effects
‘ Complex '
h-BN systems || Excellent charge trapping o Non-volatile synapses
fabrication
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Explanation:
This table categorizes major 2D materials used for synapses, their advantages, limitations, and

suitability for neuromorphic processes.

ENERGY-EFFICIENCY CHARACTERISTICS

A major strength of using 2D material synapses is the extremely low switching power. Due to
atomic thickness and reduced carrier scattering, these devices often operate with energy per
operation in the femtojoule to picojoule range.

Key factors contributing to energy efficiency:

1. Reduced Capacitance:

Very thin channels reduce gate capacitance, decreasing energy required for switching.

2. Low Voltage Operation:

Many 2D synapses operate below 1 V, achieving efficient analog weight modulation.

3. In-memory Computing:

Since computation occurs within the synaptic array, data transfer energy is significantly
reduced.

4. Analog Computation:

Analog conductance levels allow massively parallel processing without digital conversions,

further saving energy.

Table 2: Power Metrics Of 2d Material Synapses

Switching Operating
Device Type Plasticity Supported
Energy Voltage
MoS: FET Synapse ~10 fJ 0.8-1V LTP/LTD, STDP
' PPF, short-term
Graphene-oxide Synapse ~1pJ 1.5-2V o
plasticity
BP Synapse ~20 I 0.5-1V Multi-level weights
MXene-based Memristor 100500 fJ 12V Transient plasticity
h-BN Charge-trap
~50 1] <1V Long-term memory
Synapse
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Explanation:
This table shows typical power, voltage, and plasticity capabilities of various 2D synaptic

devices.

CHALLENGES

Despite rapid progress, several challenges must be addressed before 2D-material-based
neuromorphic cores can be commercialized.

1. Material Stability

Certain 2D materials such as black phosphorus degrade under atmospheric conditions,
requiring sophisticated encapsulation techniques.

2. Variability and Reliability

Atomic-scale thickness leads to high variability in switching characteristics across large arrays.
Ensuring uniformity is critical for neural network accuracy.

3. Integration with CMOS

Although 2D materials offer excellent electronic properties, integrating them into CMOS
foundry processes remains technically complex due to transfer-induced contamination,
alignment issues, and thermal budget limitations.

4. Large-scale Fabrication

Scalable synthesis techniques, such as chemical vapor deposition (CVD), still face grain
boundary defects, inconsistent layer thickness, and limited wafer coverage.

5. Temporal Plasticity Control

Achieving stable and accurate short-term and long-term plasticity simultaneously remains

difficult for many devices.

SCOPE FOR FUTURE DEVELOPMENT

The scope of neuromorphic cores utilizing 2D material synapses is vast, with potential
breakthroughs across device engineering, architectural optimization, and application
deployment.

1. Large-Scale 3D Neuromorphic Arrays

3D stacking of 2D synaptic layers may dramatically increase neural density while maintaining

low energy usage.
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2. Heterogeneous Integration

Future neuromorphic chips may integrate multiple 2D materials to support both synaptic and
neuronal functions on the same substrate.

3. Neuromorphic Edge Devices

2D-material-based neuromorphic cores are ideal for edge-Al applications such as smart
sensors, autonomous drones, biomedical implants, and [oT devices.

4. Advanced Training Techniques

On-device learning using STDP, reinforcement learning, and backpropagation-compatible
synaptic updates can make neuromorphic processors more adaptive and robust.

5. Bio-hybrid Systems

The combination of 2D materials with bio-inspired mechanisms such as neurotransmitter

release, chemical gating, and ionic transport could lead to next-generation artificial nervous

systems.
Table 3: Potential Applications Of 2d-Synapse-Based
Neuromorphic Cores
Application Domain Benefit from 2D Synapses Example Use-Cases
Edge-Al Ultra-low-power inferencing Wearables, [oT nodes
Robotics Fast spike processing Real-time motion control
Healthcare Adaptive sensing Neural prosthetics
Smart Vision High-density arrays Image recognition
Autonomous Systems Reliable learning Path planning
Explanation:

This table lists key application areas where 2D material synapses provide strong advantages.

NEUROMORPHIC SYSTEM PERFORMANCE ANALYSIS
Evaluation of neuromorphic cores requires analyzing energy, delay, accuracy, and endurance.

2D material synapses enable balanced performance across these dimensions.

46 I Page 40-49 © MANTECH PUBLICATIONS 2025. All Rights Reserved



Journal of Advanced VLSI Architectures and Nanoelectronics
MANIECH _
Publications Volume 1, Issue 1, January-April, 2025

1. Accuracy

Analog synaptic weights allow highly precise edge-Al inference. However, variability must be
minimized to maintain acceptable inference accuracy compared to digital accelerators.

2. Endurance

Many 2D memristors demonstrate endurance above 108 cycles, adequate for online learning.
Improvement in defect engineering and encapsulation is expected to increase endurance
further.

3. Speed

The switching time of 2D synapses ranges from nanoseconds to microseconds, suitable for

real-time neuromorphic operations.

Table 4: Performance Metrics of Neuromorphic Cores

Typical Value for 2D-based

Metric Notes
Core
Inference Energy <5 ml] per task Very low vs. digital accelerators
Synaptic Update
<100 {J Enables on-chip learning
Energy
Switching Speed ~10ns—1 ps Depends on material
Improving with fabrication
Endurance 10 — 108 cycles
methods
Array Size Up to 128x128 experimentally Scaling efforts ongoing
Explanation:

This table highlights typical system-level performance statistics observed in research

prototypes.

CONCLUSION

The combination of 2D materials with optimized VLSI neuromorphic cores significantly
improves energy efficiency and functional resemblance to biological neural networks.
Experimental results and architectural simulations confirm that such materials provide stable

analog weight control, reduced switching energy, and enhanced long-term reliability. The
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proposed system demonstrates a feasible route toward compact neuromorphic processors

capable of real-time learning at the edge. Future work will explore multilayer stacking and

heterogeneous integration for large-scale cognitive hardware.
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