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Introduction

In our hyperconnected world, semiconductors form the foundational layer of every
technological advancement, from smartphones to smart factories. These
microelectronic marvels are increasingly pivotal to national economies and global
innovation.

Did you know?

It takes over 2,200 gallons of water to produce a single 30cm semiconductor wafer!

However, this advancement comes with a steep environmental cost. Semiconductor
manufacturing is one of the most resource-intensive industrial processes. Producing
integrated circuits at nanoscale precision requires vast quantities of ultrapure water,
hazardous chemicals, and uninterrupted energy. And here, sustainability is no longer a
buzzword-it's a strategic imperative.

Purpose of this eBook:

This eBook explores the pivotal role of Artificial Intelligence in driving sustainability within
the semiconductor industry. As environmental concerns and efficiency demands grow,
we delve into how Al-powered innovations are helping manufacturers design greener
chips, optimize resource usage, and reduce their environmental footprint. Through
real-world applications, emerging trends, and expert insights, this eBook aims to equip
stakeholders with the knowledge to embrace Al as a key enabler of sustainable
semiconductor fabrication.
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Sustainability in

Semiconductor Industry

Towards Greener Chip Production

The semiconductor industry is the backbone of modern innovation, powering everything
from smartphones to electric vehicles and Al-driven systems. As its influence continues
to grow, so too does scrutiny around its environmental footprint.
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The idea of sustainability was formally defined by the United Nations in the 1987
Brundtland Report as “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.”

This foundational principle emphasizes the delicate balance between fulfilling current
demands and safeguarding resources for the future. Nonetheless, sustainability has
become a critical priority for the semiconductor sector in recent years. Stakeholders
increasingly focus on minimizing carbon emissions, conserving resources, and
implementing eco-conscious manufacturing practices.
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And that’s exactly where Al comes in.

By harnessing the power of advanced algorithms, real-time data processing, and
predictive analytics, Al enables semiconductor manufacturers to optimize operations at
every level — from material sourcing to end-of-line testing. It empowers engineers to
design energy-efficient chips, reduce waste in fabrication processes, and even anticipate
equipment failures before they happen, minimizing downtime and resource usage.

Moreover, Al facilitates life cycle assessments and carbon footprint tracking with greater
accuracy and speed, helping organizations align with global sustainability standards. It
doesn’tjust streamline production; it redefines what responsible manufacturing can look
like in a data-driven age.

Responsible
Al
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An Introduction to Green Semiconductors

Green semiconductors are the new frontier of sustainable electronics. They are
engineered to minimize environmental impact across their entire lifecycle. From
energy-efficient materials and clean manufacturing to recyclable packaging, these
semiconductors aim to reduce carbon emissions, conserve energy, and cut down
material waste—all without compromising performance.

They embody the balance between technological advancement and environmental
stewardship, aligning with global goals for greener, smarter innovation.

Why Sustainability Matters in Semiconductors

The electronics industry is under increasing pressure to innovate responsibly. According
to the International Energy Agency (IEA), energy consumption in the global electronics
sector is projected to grow by 4-6% annually. This surge not only places strain on power
grids but also exacerbates pollution through raw material extraction, high energy usage,
and e-waste.

The semiconductor sector—central to nearly every modern device—is also one of the
most energy-intensive industries. As demand continues to skyrocket, the call for greener,

more responsible chip development has never been louder.
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The Environmental Impact of
Semiconductor Fabrication

1. Water and Energy Consumption

The fabrication of semiconductors demands extreme cleanliness, which requires
millions of gallons of ultrapure water (UPW). A single 300mm wafer may require more
than 2,200 gallons of water during its lifecycle. Semiconductor fabs often consume up to
10 million gallons daily, stressing local water supplies, especially in drought-prone areas.

Energy consumption is equally staggering. The production process involves
high-temperature furnaces, vacuum chambers, and plasma etching equipment.
Advanced lithography machines consume enormous amounts of electricity, particularly
those using Extreme Ultraviolet (EUV) technology at 5nm and below. In fact, a single EUV
system may draw up to 1 megawatt of power.

2. Carbon Emissions

According to McKinsey’s Semiconductor Sustainability Report, chip fabrication can
account for 25-40% of an electronic device's emissions. Most emissions fall under scope
3—indirect emissions across the supply chain, including raw material extraction,
processing, and distribution.

Even as consumer electronics become more energy-efficient, their production becomes

increasingly carbon-intensive. As companies scale operations, reducing emissions per
chip produced becomes crucial.
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3. Toxic Chemical Use

Semiconductor processing involves highly toxic and reactive chemicals like arsine,
phosphine, silane, and hydrofluoric acid. These substances are essential for doping,
etching, and cleaning processes. Managing these chemicals requires elaborate exhaust
systems, scrubbers, and real-time monitoring systems to prevent leaks and exposure.

Despite stringent regulations, accidental releases can occur, posing risks to workers and
nearby communities. Thus, the use of Al for real-time monitoring and predictive risk
assessment is slowly becoming standard in advanced fabs.

Al-Driven Efficiency:
The Brain Behind the Greener Chip

Artificial Intelligence and Machine Learning are no longer just software tools—they're
becoming central to how semiconductors are designed, fabricated, and optimized for
sustainability. As environmental impact becomes a critical metric for innovation, the
fusion of Al with semiconductor technology is unlocking new levels of intelligence and
efficiency.

Growth for semiconductors related to artificial intelligence (Al) is expected
to be five times greater than growth in the remainder of the market.
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1. Al-Driven EDA (Electronic Design Automation)

Al is redefining chip design through smarter Electronic Design Automation (EDA) tools.
Traditional design cycles require weeks to optimize layout, routing, and power
distribution. These processes are significantly accelerated with Al, particularly
reinforcement learning and generative design models.

Google’s DeepMind partnered with the Google hardware team to design a next-gen

TPU chip using Al. The result? A design that took 6 hours instead of weeks,
reducing compute cycles and energy use significantly.

The design not only met all performance metrics but also optimized for thermal
dissipation and power efficiency, reducing energy waste.

2. Optimizing for Energy Efficiency

Al models simulate chip behavior under various thermal and voltage conditions,
enabling engineers to tweak designs early. Machine learning algorithms optimize
techniques such as clock gating, power gating, and adaptive voltage scaling.

As fabs become more digitized, Al-integrated energy management platforms help
balance power loads, integrate renewables, and manage battery storage. These systems
analyze real-time data on grid demand, solar output, and tool energy consumption to
optimize energy usage.

Al helps reduce idle power consumption and extend battery life in mobile and loT
applications by accurately predicting leakage currents and thermal hotspots. Smart
grids powered by Al can route excess renewable energy to specific tools or production
zones, ensuring efficient usage without compromising process stability. This proactive
methodology contributes significantly to lowering electronic devices' lifecycle carbon
footprint.
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3. Predictive Maintenance

Equipment downtime not only disrupts production but also leads to excessive energy
consumption during restart and recalibration. Al-powered predictive maintenance
systems use time-series analysis and machine learning models to forecast equipment
failures.

A 2024 SEMI report shows that fabs using Al for predictive maintenance have reduced
unplanned downtime by 30-50%. These systems help schedule repairs precisely when
needed, preventing catastrophic failures and reducing unnecessary tool usage.

4. Smarter Design Through Predictive Analytics

One of Al's most powerful applications in semiconductor sustainability is predictive
design. ML models analyze vast datasets from previous chip designs, materials, and
performance benchmarks to forecast energy consumption, heat dissipation, and failure
rates.

This predictive insight allows engineers to:

> Select the most energy-efficient materials.

> Optimize power delivery networks within chips.

> Reduce overengineering, which saves both energy and raw materials.

By simulating countless “what-if” scenarios, Al-driven design drastically shortens R&D
cycles and prevents energy-intensive trial-and-error methods.
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5. Optimizing the Manufacturing Line

Semiconductor fabrication is notoriously resource-intensive, involving hundreds of steps
across cleanrooms, photolithography, etching, and doping. Here, Al step in as intelligent
overseers, monitoring and controlling process variables in real-time.

Key Benefits:

Energy optimization: Yield prediction:

Al algorithms dynamically ML models predict which wafers
adjust temperature, pressure, or chips are likely to fail based on
process anomalies, preventing
reactors to reduce energy use unnecessary downstream

\ without compromising yield. / \ processing. /

and chemical usage in

&

Waste minimization:

Al can detect and correct
manufacturing errors earlier,
significantly reducing scrap rates,
chemical waste, and resource loss.

\_

Companies like TSMC and Intel are actively deploying Al-based fabs that self-calibrate
based on environmental data, improving both sustainability and production quality.
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At the micro level, Al plays a critical role in designing circuits that draw less power and

6. Circuit-Level Power Optimization

generate less heat, especially important for applications like mobile devices, wearables,
and edge computing.

Techniques Involved:

Ensures components are placed to minimize energy loss due to resistance or
capacitance.

Al helps decide when and where to lower voltage or frequency in chips based on workload
prediction.

ML models simulate how heat will move through the chip, allowing designers to prevent
hotspots and enhance energy efficiency.

These advancements enable “zero-waste” circuit designs that are leaner, faster, and
more sustainable.
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7. Adaptive, Self-Optimizing Semiconductors

Perhaps the most exciting frontier is the emergence of adaptive
semiconductors—Al-augmented chips that learn from their operating environment and
continuously optimize themselves.

These chips can:

> Automatically shift to low-power states during idle times.

> Learn patterns in data flow to prefetch or shut down inactive components.

> Collaborate with Al-powered software layers to synchronize power-saving
operations across the device.

This evolution brings us closer to “autonomous chips”—devices that manage their
energy like an intelligent thermostat adjusts temperature: precisely, continuously, and
efficiently.

8. The Sustainability Payoff

When integrated holistically, Al transforms the semiconductor supply chain into a
self-improving, energy-aware ecosystem. The outcomes are profound:

o)
> Upto 30 A) reduction in energy consumption
during chip design and simulation.

’ 20—40% improvement in manufacturing

yield.

o
/ 50 A) lower power draw in edge devices with
Al-optimized chips.
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Al is also helping chemists discover eco-friendly alternatives to high-GWP (Global Warming
Potential) gases and chemicals. Machine learning models simulate thousands of chemical
interactions to identify low-emission alternatives that meet process requirements.

According to Applied Materials, Al-assisted systems can help fabs reduce reliance on
perfluorinated compounds and other greenhouse gases, cutting emissions by up to 80%.

In short, Al isn’t just optimizing chips—it’s reshaping the ethics and economics of chipmaking,
aligning performance with planetary priorities.

9. Process Optimization

Modern fabs generate terabytes of data every day from sensors embedded in tools and
cleanrooms. Al-driven analytics platforms analyze this data in real-time to detect
anomalies, predict yield fluctuations, and optimize tool performance.

Companies like TSMC have deployed Al-based systems that adjust process parameters
dynamically to ensure optimal yields.

TSMC uses Al in its smart manufacturing systems to reduce energy usage per

manufactured wafer by 15% compared to previous processes.

By identifying defects early in the line, waste is minimized, and fewer wafers are scrapped,
leading to substantial energy and material savings.
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10. Chip Reuse and Refurbishment

As chips become more complex, reclaiming usable silicon from end-of-life electronics
becomes a challenge. Al is enhancing the ability to inspect, grade, and refurbish used
chips. Vision-based systems can detect microscopic cracks, oxidation, or physical
warping that might not be visible through traditional inspection.

Al also aids in remanufacturing decisions by evaluating performance metrics and
predicting remaining useful life (RUL) of ICs, making refurbishment more viable and
reliable.

11. Al-Driven E-Waste Segregation

Al and robotics are revolutionizing the e-waste management sector. Smart robotic arms
equipped with hyperspectral imaging and ML algorithms can identify and sort chips,
substrates, and components with high precision.

Apple's “Daisy” robot, for instance, recovers over 11 different rare earth elements from
end-of-life iPhones using Al-driven disassembly. Such models are being adapted for
broader use in semiconductor recycling.

Artificial intelligence will deliver the most value by reducing manufacturing
costs, but the largest relative impact will be in R&D.
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The Major Roadblocks |\I
and Opportunities

Despite its promise, Al adoption in semiconductors comes with challenges. These
include high data complexity, lack of industry-wide standards, and concerns around
model transparency.

However, the long-term benefits far outweigh the initial investments. With more
open-source initiatives and collaboration among foundries, EDA vendors, and material
suppliers, Al can catalyze the transition toward net-zero semiconductor manufacturing.

Challenge Al-Enabled Solution

Real-time Al analytics

Complex process data olatforms

High equipment Predictive maintenance
downtime models

Al-based process
optimization and
recycling

Woaste in materials
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Conclusion: Toward an Intelligent,
Sustainable Future

Al is not just improving the performance of chips—it's making the process of creating
them more sustainable. From optimizing design to reducing energy use in fabs and
enabling circular economy models, Al stands at the intersection of innovation and
environmental responsibility.

In the coming decade, sustainability will be a core metric of chip performance. Thus, Al is
not just a catalyst for innovation — it's becoming an indispensable ally in the
semiconductor industry's journey toward a greener, more resilient future.

Tomorrow’s chips won’t just power devices—they’ll power sustainability. With Al at the
helm, the era of green silicon is not a possibility. It’s inevitable.

Indium’s Role in Accelerating

Sustainable Semiconductor Innovation

At the heart of the semiconductor sector’s push for sustainability lies a need for more
than just tools—it needs transformation. That’s where Indium steps in.

As a digital engineering company with Gen Al at the core of our services, Indium is
uniquely positioned to accelerate the semiconductor industry’s journey toward greener,
more efficient chipmaking. We don't just bring technology—we bring intelligence to every
stage of the semiconductor lifecycle.

Whether you're optimizing fab operations, enabling predictive maintenance, or

embedding intelligence into next-gen products — Indium empowers you to lead with both
performance and purpose.
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Success Story

Visualizing the Future: How Indium Developed an Analytics Product for
Predictive Maintenance & Data Visualization in the Semiconductor Industry

Success Story Overview

A global leader in advanced semiconductor manufacturing partnered with Indium
to drive operational efficiency through intelligent data utilization. Headquartered in
California, the client provides cutting-edge wafer fabrication equipment and
value-added services to semiconductor manufacturers. Their technology
underpins nearly every innovative chip produced today, with a global footprint
spanning manufacturing centers across the Americas, Europe, and Asia.

To ensure process fidelity and accelerate innovation, the client deployed sensors
across its process modules, generating massive volumes of operational data. The
client sought a data-driven solution to enhance operational efficiency, ensure
quality control, and drive predictive insights across the wafer fabrication process.

Indium stepped in to transform this raw, sensor-driven data into actionable
business intelligence. By applying our deep expertise in Big Data, Predictive
Analytics, and Visualization, we engineered a comprehensive solution that
enabled the client to describe current performance, predict future outcomes, and
prescribe actions to optimize operations. Beyond meeting the initial requirements,
Indium delivered additional value-added features that significantly enhanced
business impact—empowering the client to further push the boundaries of
innovation in chip manufacturing.
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The key results of this

3X Savings, 3X Uptime:

Achieved a substantial reduction in repair and maintenance costs while tripling
uptime—dramatically minimizing downtime and elevating the operational efficiency
of critical process modules.

20% Higher Efficiency, Zero Extra Time:

Enhanced the throughput of process modules by 20%, enabling the production of
more wafers within the same operational window—maximizing vyield without
extending runtime.

An Industry-Shaping Innovation:

Engineered a breakthrough solution that has become a flagship offering—delivering
exceptional value to end customers and establishing a competitive edge for our
client in the semiconductor landscape.

See the bigger picture of this semiconductor
breakthrough
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INDIUM

About Indium

Indium is an Al-driven digital engineering company that helps enterprises build, scale, and innovate with cutting-edge technology.
We specialize in custom solutions, ensuring every engagement is tailored to business needs with a relentless customer-first approach.
Our expertise spans Generative Al, Product Engineering, Intelligent Automation, Data & Al, Quality Engineering, and Gaming,
delivering high-impact solutions that drive real business impact.

With 5,000+ associates globally, we partner with Fortune 500, Global 2000, and leading technology firms across Financial Services,
Healthcare, Manufacturing, Retail, and Technology—driving impact in North America, India, the UK, Singapore, Australia, and Japan
to keep businesses ahead in an Al-first world.
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