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Abstract: Very Large Scale Integration (VLSI) has revolutionized electronics by enabling the development
of compact, high-performance integrated circuits. However, the fabrication processes involved are heavily
dependent on chemicals—many of which pose significant environmental, health, and safety risks. This
paper discusses the key chemical processes in VLSI manufacturing and their implications, while
highlighting sustainable strategies such as chemical reduction, recycling, green alternatives, and cleaner
process design. Through industry case studies, this work examines practical implementations, future
directions, and the challenges faced in making semiconductor manufacturing more environmentally
responsible
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I. INTRODUCTION

The demand for miniaturized and energy-efficient electronic devices has driven significant progress in semiconductor
technology. VLSI fabrication is central to this evolution, enabling the integration of billions of transistors on a single chip.
However, achieving this level of integration necessitates multiple steps involving photolithography, doping, etching,
cleaning, and polishing—all of which require precise and often hazardous chemical treatments.

The environmental burden associated with the widespread use of acids, solvents, gases, and slurries has become a growing
concern. These chemicals can generate toxic effluents, consume large volumes of ultrapure water (UPW), and result in
considerable waste if not properly managed. As the semiconductor industry moves toward sustainability, the focus has
shifted to minimizing the environmental impact of fabrication processes without compromising yield, performance,
or reliability.

I1I. CHEMICAL USAGE IN VLSI PROCESSING
A. Critical Chemical Processes in Fabrication
Several process steps require distinct chemical applications:
o Photolithography: Involves photoresists (polymer-based light-sensitive materials), developers (usually
tetramethylammonium hydroxide, TMAH), and cleaning solvents like acetone or isopropyl alcohol.
e Etching: Dry etching uses fluorine-based gases like SFs, CF4, and Cl., while wet etching may involve strong
acids like hydrofluoric acid (HF) for oxide removal.
e Chemical Mechanical Planarization (CMP): Employs abrasive slurry mixtures to achieve a flat wafer surface.
Slurries may include silica particles, oxidizers, and pH stabilizers.
e Cleaning and Rinsing: RCA cleaning uses hydrogen peroxide and ammonium hydroxide, while post-etch
cleanings often use sulfuric acid mixtures.
e Deposition and Doping: In CVD and ALD, precursors such as silane, phosphine, and trimethylaluminum are
used, often with hazardous carrier gases.

B. Environmental and Health Risks
The extensive use of these chemicals introduces several risks:
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e Toxicity: Chemicals like HF can penetrate skin and cause deep tissue damage. VOC emissions contribute to air
pollution.

e  Wastewater Generation: Semiconductor fabs use millions of liters of UPW per day, producing wastewater that
must be treated.

e Energy Consumption: Chemical delivery, heating, and treatment systems are energy- intensive.

e  Occupational Exposure: Workers face risks of inhalation, burns, and long-term exposure effects if safety
protocols fail.

III. SUSTAINABLE CHEMICAL MANAGEMENT
To address these concerns, semiconductor manufacturers are adopting various sustainable practices.

A. Chemical Reduction
Process innovations aim to reduce the volume of chemicals used per wafer:
e Advanced Process Control (APC): Uses sensors and feedback loops to precisely dispense only the required
amount of chemical.
e Dry processing techniques: For instance, replacing wet cleans with plasma cleans where feasible.
e Lithography Optimization: Extreme Ultraviolet (EUV) lithography reduces multilayer resists, cutting down
solvent and developer use.

B. Recycling and Reuse
Chemical reuse strategies help lower both environmental impact and operating costs:
e Solvent Recovery Units (SRUs): Reclaim high-purity solvents like IPA and acetone using distillation.
e CMP Slurry Recycling: Techniques like membrane filtration allow reuse of abrasives and chemicals after
purification.
e UPW Reclamation: Reusing rinse water in less sensitive processes (e.g., cooling or cleaning) is becoming more
common in fabs.

C. Green Alternatives
Green chemistry promotes the substitution of hazardous materials:
e Ozone-based Cleaning: Aqueous ozone solutions can clean wafers without strong acids.
e Low-GWP Etch Gases: Replacing traditional fluorinated gases with alternatives like NFs, which has a lower
global warming potential.
e Biodegradable Slurries: Some vendors now offer slurries that degrade more easily in wastewater treatment
plants.

D. Block Diagram Overview

Chemical Usage Environmental Reduction in Use Industry Future
In VLS Concerns Practices Opportunities

Recycling and
Reuse

Fig. 1. High-level block diagram of sustainable chemical practices in VLSI fabrication.
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IV. INDUSTRY PRACTICES
A. Intel Corporation
Intel has implemented advanced metrology and real- time chemical tracking systems across its manufacturing nodes. Its
Oregon fab, for example, uses a closed-loop IPA recovery system, cutting solvent waste by 60%. Intel’s water reclaim
system has enabled reuse of 80% of process water.

B. TSMC

Taiwan Semiconductor Manufacturing Company has introduced process flow re-optimization to reduce CMP slurry
usage. TSMC's Fab 18 uses ozone cleaning in over 60% of post-etch steps and has achieved LEED Gold certification for
sustainable building and process infrastructure.

C. Samsung Electronics

Samsung's semiconductor division has adopted halogen-free photoresists and low-VOC solvents in its EUV lines.
Samsung also utilizes high-efficiency abatement systems that capture and neutralize perfluorinated compounds from etch
processes.

V. FUTURE CHALLENGES AND OPPORTUNITIES
While sustainable progress is visible, several barriers remain:

A. Technical Challenges
e  Substitutes must match the performance and reliability of conventional chemicals.
e Integration of recycling systems can disrupt cleanroom flow and require downtime

B. Cost Considerations
o Initial capital investment for solvent recovery, abatement, or green chemical development may be high.
e Economic payback takes several fabrication cycles to materialize.

C. Emerging Opportunities
e Al and Machine Learning: Predictive models can optimize chemical use and identify anomalies.
o Digital Twin Simulation: Enables process testing with new chemicals virtually.
e Policy & Collaboration: Governments and industry consortia (like SEMI and IMEC) are pushing for standard
frameworks for green fabs.

VI. CONCLUSION
As VLSI fabrication grows in complexity, sustainable chemical practices become indispensable. Reducing usage,
recycling materials, and integrating green alternatives are essential to mitigate environmental and health impacts. Industry
leaders such as Intel, TSMC, and Samsung demonstrate that it is possible to maintain technological leadership while
improving sustainability. Future work must focus on integrating Al, data-driven process control, and cross-industry
collaboration to ensure the semiconductor industry can continue to grow responsibly.
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