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ABSTRACT: Artificial Intelligence has emerged as a 

transformative enabler in the semiconductor industry, 

driving notable advancements in chip design, 

manufacturing optimization, defect detection, and 

predictive maintenance. This review paper explores the 

integration of AI across the entire semiconductor value 

chain, with particular emphasis on VLSI design, 

fabrication processes, wafer inspection, yield enhancement, 

and equipment reliability. As the industry continues to scale 

toward nanometer and angstrom technologies, AI-driven 

approaches provide the computational capability needed to 

address increasing complexity, process variability, and the 

demand for rapid time-to-market. By synthesizing recent 

research developments, industrial practices, and future 

prospects, this review offers a comprehensive perspective 

on emerging trends and opportunities aligned with the AI 

for semiconductor domain. 
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1. INTRODUCTION 

 

Process variability, defect density, and yield challenges 

increase as semiconductor manufacturing moves into the era of 

3nm, 2nm, and future angstrom nodes. Fabs can interpret 

multidimensional data from wafer fabrication, 

photolithography, chemical- mechanical polishing, and 

electrical testing thanks to AI-powered analytics. The 

advancement of computing, communication, automation, and 

artificial intelligence systems is greatly aided by the 

semiconductor industry. Traditional engineering approaches 

are limited in their ability to handle performance bottlenecks, 

variability problems, and design optimization challenges due to 

the ongoing scaling  of  transistor  dimensions  and  growing 

architectural complexity. Predictive modeling, automated 

inspection, real-time optimization, and data-driven design 

methodologies are all made possible by artificial intelligence 

(AI), which offers solutions that improve semiconductor 

processes beyond human capabilities. AI replaces manual, 

deterministic workflows in the semiconductor industry with 

autonomous, intelligent systems that can learn from massive 

amounts of sensor, manufacturing, and design data. Process 

variability, defect density, and yield challenges increase as 

semiconductor manufacturing moves into the era of 3nm, 2nm, 

and future angstrom nodes. Fabs can interpret 

multidimensional data from wafer fabrication, 

photolithography, chemical-mechanical polishing, and 

electrical testing thanks to AI-powered analytics. Similarly, by 

anticipating layout constraints and learning design patterns, AI- 

powered Electronic Design Automation (EDA) tools speed up 

chip development. This study examines the most recent 

advancements in artificial intelligence (AI) for semiconductor 

technologies, connecting industry adoption and scholarly 

research to new prospects and demands. 

 

2. LITERATURE REVIEW 

 

Recent studies highlight that machine learning has significantly 

improved wafer map pattern recognition, enabling automated 

defect classification and faster fault diagnosis in semiconductor 

manufacturing . AI-based wafer inspection systems using deep 

learning enhance accuracy and reduce reliance on manual 

inspection, improving yield and production efficiency .AI-

driven wafer fabrication introduces intelligent process control, 

real-time decision-making, and predictive modeling for 

improving manufacturing precision . Deep learning-based 

defect classification methods, particularly CNNs, achieve very 

high accuracy in identifying complex wafer defects compared 

to traditional approaches . Automated visual inspection systems 

using image processing and learning-based techniques have 

evolved as key tools for semiconductor quality control . AI-

enabled defect detection reduces false detection rates and 

improves production reliability in nanoscale semiconductor 

manufacturing . Machine learning and deep learning 

approaches outperform traditional signal processing methods in 

wafer defect detection tasks .AI-based vision systems 

significantly enhance yield optimization by detecting 

microscopic defects and reducing false positives in inspection 

processes .Reinforcement learning and deep learning 

techniques are increasingly used for process optimization in 

etching, deposition, and metrology systems .Systematic 

reviews indicate that deep learning has become dominant in 

semiconductor defect inspection, replacing conventional rule-

based approaches .CNN-based models have proven effective in 

SEM image analysis for accurate defect localization and 

classification in advanced nodes .Advanced architectures such 

as CenterNet improve computational efficiency and real-time 

defect detection performance in semiconductor inspection 

systems . 
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Hybrid AI models, including quantum-enhanced deep learning, 

are emerging for next-generation defect detection and 

classification tasks .AI techniques in VLSI design enable 

intelligent automation in placement, routing, and architecture 

optimization, reducing design complexity.Machine learning-

based Electronic Design Automation (EDA) tools improve 

power, performance, and area optimization in chip 

design.Predictive maintenance using AI helps identify 

equipment failures early, reducing downtime and improving 

fabrication reliability.AI-driven yield prediction models assist 

in identifying process variations and improving production 

consistency.Data-driven process optimization enables adaptive 

control of fabrication parameters, improving efficiency in 

nanometer-scale manufacturing.AI integration in 

semiconductor supply chains enhances demand forecasting, 

inventory management, and logistics optimization.Future 

research focuses on explainable AI, data scarcity challenges, 

and integration of AI with emerging technologies such as 

quantum computing and digital twins. 

 

2.1 AI in Chip Design and Architecture 

Automation in floor planning, placement, routing, logical 

synthesis, and timing closure is introduced by AI-enabled chip 

design. By optimizing layout configurations based on 

performance, area, and power metrics, deep reinforcement 

learning (DRL) models help designers. One instance of AI 

surpassing conventional heuristics in chip layout tasks is 

Google's reinforcement learning placer. In a similar vein, graph 

neural networks (GNNs) reduce the number of iterations 

needed for verification by predicting circuit timing and power 

consumption. 

 

Additionally, AI allows for hardware-software co- 

optimization, in which AI workloads are co- designed with 

architectures like NPUs, GPUs, and neuromorphic chips. AI-

driven design speeds up development cycles by predicting 

thermal hotspots, locating performance bottlenecks, and 

assessing interconnect congestion. AI becomes a crucial tool in 

EDA workflows as chip complexity rises. 

 

 

Figure 1 AI in Chip Design & Architecture 

2.2 AI in Semiconductor Manufacturing 

 

One of the industries where AI integration has the biggest 

impact is manufacturing. Over 700 process steps with tight 

tolerances are involved in the fabrication of semiconductors. AI 

finds the underlying causes of yield loss, automates pattern 

recognition in wafer maps, and improves defect inspection 

using convolutional neural networks (CNNs). By forecasting 

variables like film thickness, etch depth, and overlay accuracy, 

AI- trained virtual metrology systems take the place of costly 

and cumbersome measurement instruments. 

AI has a big impact on photolithography optimization as well. 

Optical proximity correction (OPC) gets more complicated as 

feature sizes get smaller. AI-based OPC assistants speed up 

mask preparation and lower computational costs (Chen et al., 

2024). By predicting equipment failures through the analysis of 

vibration, temperature, and pressure logs, predictive 

maintenance systems lower downtime and increase fabrication 

throughput. 

 
 

 2.3 Challenges and Future Directions 

 

Adoption of AI in semiconductor processes is hampered  

despite  its  potential. Model interpretability problems, 

domain shifts between factories and technology nodes, 

integration with legacy tools, and restricted access to high-

quality manufacturing data are some of the main obstacles. 

High reliability is required in semiconductor environments, so 

explainable, reliable, and secure AI models are crucial. 

Prospects include standardized semiconductor datasets, 

interpretable AI frameworks, AI-driven digital twins for real-

time fabrication simulation, and reinforcement learning 

systems for autonomous process control. Further research 

opportunities are provided by emerging fields like materials 

discovery, quantum semiconductor modeling, and AI-

optimized lithography pipelines. 

 
2.4 Summary 

 

Artificial Intelligence is playing an increasingly important role 

in transforming semiconductor design and manufacturing by 

improving precision, efficiency, and predictive capabilities. It 

supports critical stages of the semiconductor lifecycle, from 

accelerating chip design and verification to enabling more 

accurate defect detection and yield optimization. By addressing 

the growing complexity and variability associated with 
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advanced semiconductor technologies, AI has become an 

essential tool for enhancing overall performance and reducing 

development time. 

 

At the same time, the continuous advancement of AI techniques 

alongside semiconductor processes is creating a strong and 

interconnected ecosystem that drives innovation in 

nanoelectronics, intelligent systems, and next-generation 

computing architectures. As highlighted in this review, AI is 

expected to remain a key enabler of future semiconductor 

developments, offering new opportunities while shaping the 

direction of emerging technologies. 

 

3. CONCLUSION 

Artificial Intelligence is rapidly transforming semiconductor 

design and manufacturing by enabling higher precision, 

improved productivity, and more reliable predictive 

capabilities. From accelerating chip design and verification to 

enhancing defect detection and yield analysis, AI provides 

powerful tools to address the growing challenges associated 

with advanced semiconductor technologies. The continuous 

evolution of AI algorithms, combined with advancements in 

semiconductor processes, is fostering a synergistic ecosystem 

that supports innovation in nanoelectronics, intelligent systems, 

and next-generation computing architectures. This review 

highlights the pivotal role of AI in shaping future 

semiconductor advancements while providing a concise 

overview of current developments in the field. 
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