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WHITE PAPER
Electrostatic Discharge
Risks, Impacts, and Control Strategies in
Cleanrooms

Executive Summary

Electrostatic discharge (ESD) poses a significant threat to cleanroom operations,
particularly in industries such as semiconductor manufacturing, pharmaceuticals, and
aerospace, where sensitive components demand ultra-controlled environments. ESD
events can cause irreversible damage to electronic devices, attract contaminants, and
disrupt production yields, leading to substantial financial losses. This White Paper
explores the fundamentals of ESD, its unique challenges in Cleanrooms, and proven
mitigation strategies aligned with international standards like ANSI/ESD S20.20 and IEC
61340-5-1.

Key findings include the heightened vulnerability of Nanoscale Semiconductors to ESD-
induced failures, such as Gate Oxide Rupture (critical failure mechanism in Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETs) and other Integrated Circuits
(ICs) and latent defects, and the role of low humidity and insulating materials in
exacerbating risks. Effective controls like grounding systems, dissipative materials,
ionization, and personnel protocols can reduce ESD incidents by over 90% when
implemented holistically. Recommendations emphasize regular Compliance Verification,
employee training, and integration of ESD safeguards into Cleanroom Design from the
outset. By adopting these practices, organizations can enhance product reliability,
minimize downtime, and achieve sustainable operational excellence.

Introduction

Cleanrooms are Engineered Spaces that minimize airborne particulates, temperature
fluctuations, and humidity variations to protect sensitive manufacturing processes.
Classified under ISO 14644 standards, they are indispensable for producing
microelectronics, biotechnology products, and precision optics. However, these
controlled environments inadvertently foster conditions conducive to
electrostatic discharge (ESD), where accumulated Static Charges release suddenly,
potentially devastating delicate components.
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As Semiconductor feature sizes shrink below 10 nanometers (10 billionths of a meter),
ESD sensitivity escalates, with damage thresholds dropping to mere hundreds of volts.
This White Paper examines ESD's mechanisms, its amplified risks in Cleanrooms, and
comprehensive strategies for prevention. Drawing on Industry Standards and Empirical
Data, it provides actionable guidance for facility managers, engineers, and compliance
officers to safeguard operations and optimize yields.

Understanding ESD

Electrostatic Discharge occurs when two objects at different Electrostatic Potentials
(concept in electrostatics.....the branch of physics dealing with electric charges at rest.
It describes the amount of electric potential energy per unit charge at a given point in an
electric field) come into close proximity or contact, resulting in a rapid transfer of charge
(volts). This phenomenon is governed by the Triboelectric Effect, where friction
between materials generates static electricity. Common triggers include human
movement (e.g., walking on flooring), material handling, and environmental factors like
air filtration through HEPA filters.

ESD events are characterized by high-voltage spikes (often >500 V) and short-duration
currents (1—10 A over nanoseconds (billionths of a second), producing localized heat
that exceeds material melting points. Three primary models describe ESD scenarios:

v' Human Body Model (HBM): Simulates a charged person discharging through a
device, common in handling scenarios.

v Charged Device Model (CDM): Represents a charged object (e.g., a wafer)
discharging upon contact, prevalent in automated cleanroom processes.

v Machine Model (MM): Mimics equipment-induced discharges, less common but
severe in high-speed assembly.

In cleanrooms, ESD is insidious because low particle counts and laminar airflow limit
natural charge dissipation, while insulating surfaces (e.q., quartz tools, plastic
enclosures) promote charge retention.

ESD in Cleanroom Environments

Cleanrooms amplify ESD risks due to their design imperatives. ISO Class 1-8 facilities
maintain relative humidity at 30—50% to control microbial growth, yet levels below 40%
accelerate static buildup by reducing air's conductivity. Insulative materials like Teflon-
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coated tools and acrylic shielding, essential for contamination control, generate charges
via Tribocharging during routine operations such as wafer spinning or coating.

Sources of ESD in cleanrooms include:
v Personnel: Footwear-floor friction and garment shedding.

v Equipment: Robotic arms, conveyor belts, and air ionizers if improperly
maintained.

v Processes: Plasma etching, photolithography, and dry etching, which induce
charges on isolated conductors.

v Environmental: HEPA fan friction and low-humidity recirculation.

These factors not only risk direct device damage but also electrostatic attraction (ESA),
where charged surfaces cling to sub-micron particles, undermining cleanliness and yield
rates.

Impacts of ESD on Manufacturing

ESD's consequences in Cleanrooms are multifaceted, spanning immediate failures,
latent defects, and systemic inefficiencies. In Semiconductor fabrication, over one-
third of field failures trace to ESD, with costs exceeding $10 billion annually industry-
wide.

Device-Level Damage
High instantaneous currents from ESD generate thermal hotspots, causing:

v Gate Oxide Rupture: Thin oxides (<2 nm) break down at low voltages, leading to
leakage currents and shorts.

v Metal Interconnect Burnout: Melting of aluminum or copper lines disrupts signal
paths.

v Junction Breakdown: Diodes and transistors fail via avalanche effects,
manifesting as burnout or contact spikes.

v Latent Defects: Subtle damage passes initial tests but accelerates degradation,
reducing mean time to failure (MTTF) by 50-80%.

These failures degrade electrical characteristics, such as increased resistance or
voltage thresholds, and can propagate during subsequent processes like packaging.
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Process and Economic Impacts

v Yield Loss: A single ESD event in photolithography can scrap entire wafer lots,
dropping yields by 5-20%.

v Contamination Amplification: ESA binds particles to surfaces, complicating
cleaning and elevating defect densities.

v Equipment Downtime: Malfunctions in tools like steppers or etchers halt
production, with repair costs averaging $50,000 per incident.

v Safety Hazards: Though rare, ESD sparks in flammable environments risk
ignition.
In pharmaceuticals and medical devices, ESD compromises sterility by attracting
microbes, while in aerospace, it triggers avionics faults with cascading reliability issues.

Standards and Regulations

Robust ESD Management relies on standardized frameworks to ensure reproducibility
and compliance. The Electrostatic Discharge Association (ESDA) and International
Electrotechnical Commission (IEC) lead development, with adoption varying by sector.
Here is the LIST:

Standard Scope Key Requirements for Cleanrooms
ESD Control Defines EPAs; mandates grounding (<2 Q
ANSI/ESD . : o ,
$20.20 Program resistance), compliance plans, and periodic audits.
' Development Replaces MIL-STD-1686 for DoD applications.

Equivalent to S20.20; emphasizes equipotential
bonding and material resistivity (10*4—10*11 Q/sq).
Supports facility certification.

IEC 61340- General ESD
5-1 Protection

ANSI/ESD Flooring/Footwear Body voltage <100 V during walking tests; critical for

STM97.2  Voltage mobile personnel.

ANSI/ESD e Offset voltage £50 V; discharge time <2 s for
lonization ,

STM3.1 cleanroom neutralizers.
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JEDEC JS- Classifies device sensitivity (e.g., Class 0: <250 V

001/Js-002 HBM/CDMTesting oy informs EPA design.
ESD Guidance on cleanroom-specific aids like dissipative
TR20.20 ESD Handbook garments and packaging.

These Standards integrate with Cleanroom classifications (e.g., ISO 14644) and sector-
specific rules like NASA-STD-8739.7 for space applications. Compliance verification
involves tools like resistance meters and ion analyzers, with annual audits
recommended.

ESD Control Strategies

Mitigating ESD requires a layered approach: prevention, dissipation, neutralization, and
protection. Core principles include minimizing charge generation, ensuring equipotential
environments, and verifying controls.

Material Selection

v Conductive/Dissipative Surfaces: Floors (vinyl, epoxy) and worksurfaces with
1076-1019 Q resistance to ground, per ANSI/ESD STM4.1.

v Garments and Accessories: Static-dissipative fabrics with carbon fibers; gloves
and footwear tested to <35 MQ total resistance.

v Packaging: Shielding bags (<1073 Q surface resistance) for transport.
Grounding and Bonding

v Personnel: Wrist straps (1 MQ resistor) for seated tasks; heel/toe grounders for
mobility.

v Equipment: Common point grounds tied to AC earth; auxiliary bonds for isolated
tools.

v Facilities: Equipotential mats and drag chains on carts.
Environmental Controls
v Humidity: 40—60% RH via HVAC monitoring to form conductive moisture films.

v lonization: AC or pulsed DC ionizers for insulator neutralization, deployed
overhead or at workstations.
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Process Integration

Replace insulative tools with dissipative alternatives; sequence operations to limit
charge buildup (e.g., ground wafers pre-handling).

Implementation and Best Practices

Successful ESD programs begin with Risk Assessment: Map ESDS item sensitivities
and identify high-risk zones. Develop a tailored plan per S20.20, including:

v Training: Annual sessions on handling protocols, emphasizing slow movements
and tool usage.

v Design Phase: Incorporate ESD from blueprints....e.g., conductive wall panels
and grounded HEPA units.

v Vendor Alignment: Audit suppliers for ESD-compliant materials.
Best practices include:

v Daily wrist strap checks and weekly flooring tests.

v Use of ESD-safe carts with conductive casters.

v Simulation modeling for process-induced charges.

Case Studies from semiconductor fabs show 95% ESD reduction post-implementation,
with ROI via yield gains in 6-12 months.

Monitoring and Compliance

Ongoing verification sustains ESD controls. Deploy:
o Meters: Surface resistance probes and electrostatic field meters.
e Audits: Quarterly per ESD TR53, targeting <100 V body voltage.
« Data Analytics: Track incidents via digital logs to refine strategies.

Non-compliance risks regulatory fines and recalls; certification to IEC 61340 enhances
market credibility.
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Conclusion

ESD remains a pervasive challenge in Cleanrooms, but proactive controls transform it
from a liability to a Managed Variable. By embracing Standards like ANSI/ESD S20.20,
integrating dissipative technologies, and fostering a culture of vigilance, organizations
can protect assets, boost yields, and drive innovation. Future advancements, such as
Al-Optimized lonizers and Nanomaterial Coatings, promise even greater resilience.
Stakeholders must prioritize ESD in Cleanroom evolution to meet the demands of next-
generation manufacturing.
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