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CURRENT PERSPECTIVES IN INDUSTRIAL HYGIENE—MICROELECTRONICS MANUFACTURING  by Elizabeth Aton
This paper is written as a supplement to the presentation given at the SESHA graduate student lecture series, given in October, 2004.

Introduction 

The practice of industrial hygiene embraces three main elements for control of health hazards.  These elements form a continuum as illustrated here,

Recognition
(
Evaluation
(
Control

This paper will focus on identification (“Recognition”) of significant potential health hazards associated with microelectronics operations, and will briefly touch on the assessment (“Evaluation”) and Control elements associated with each.  Readers are encouraged to use this text and presentation as a starting point for interpretation in their unique setting. 

Assumptions 

This paper does not attempt to identify safety or environmental compliance issues for this setting.  In discussing any potential health hazards, this paper will primarily address the interpretation that would be associated with a larger volume silicon fabrication line in an established setting.   It is further assumed that the setting utilizes engineering controls reflecting the state of knowledge and practice in 1998--2004.  Where plausible, the paper will also describe health hazards related to silicon alternatives.  Materials and processes identified here are not to be interpreted as representative of any individual setting.  It is the reader’s responsibility to assess the site variables unique to their setting, to characterize potential for hazard.

It should be noted that certain situations may differ substantially from this norm, with respect to potential for exposure and health hazard.  These include maintenance activities, emergency response, start-up operations, research and development operations and calibration/testing operations.  The reader is strongly encouraged to treat each such application at their site as a unique situation, and characterize it adequately to determine appropriate engineering and administrative controls.

Baseline Health Hazards

Physical Agents

Physical agents that present potential for health hazard include noise and vibration.  In most microelectronics fabrication lines this hazard is associated primarily with building systems operations, rather than chip production.  A well-run industrial hygiene program will identify those specific work applications, which perform such work, and sample accordingly.  If entry to the noisy areas is infrequent it may be wise to perform noise dosimetry, to determine if a Hearing Conservation Program should be established.  Vibration hazards may be associated with some downstream operations of circuit board assembly, after chip fabrication.

Radiation may be present in the microelectronics fabrication line as ionizing, or non-ionizing radiation.  Ionizing radiation is radiation that can break chemical bonds, while non-ionizing radiation’s biological effects are subtler, being linked primarily with heat effects.   An ion implanter is essentially a linear accelerator, and is perhaps the single most significant source of potential ionizing radiation in microelectronics fabrication line.  

Implanters are designed to be well shielded and interlocked, so exposure to line personnel is minimal.  It is appropriate however, to review the engineering controls and to assess their effectivity by surveying the operating area as suggested by review and survey data.  It may not be necessary to film-badge line employees, although the prudent individual will base this decision on survey data and engineering control configurations, and will document same.  Because maintenance activities may occur with some of these controls disabled the decision to badge or not may yield a choice to badge.  If any employees are badged it is imperative to establish a badging program that yields useful data and promptly investigates failure to return badges or anomalous readings. 

Sources of non-ionizing radiation also include ultraviolet and radiofrequency radiation.  Ultraviolet radiation is a potential exposure in photoresist operations, while radiofrequency radiation can be associated with some sealers, and with OMCVD (organometallic chemical vapor deposition operations.  Like ion implanters many of these pieces of equipment are well shielded and interlocked, but a conscientious review of these controls supplemented with sampling is indicated, to prevent potential exposure to employees.

The use of LASER equipment for measurement and alignment may also be encountered.  LASER is an acronym for Light Amplification by Stimulated Emission of Radiation, a means of directing a high-energy light beam for a specific purpose.  Eye and skin hazards are associated with inadequately shielded higher power LASERs.  If an occupancy is encountered with LASER applications it must be assessed by protocols in the ANSI Standard for safe LASER usage.  

Not a specific physical agent but a potential hazard nonetheless is the potential for repetitive motion illnesses, also identified with musculoskeletal disorders.  These hazards can be identified and recommendations for reducing risk formulated by an individual with education in ergonomics.  Complex situations are best evaluated by a specialist with post-graduate education, but an individual following protocols established by the specialist can competently manage many situations.

Air Contaminants

There are a number of different classification schemes for grouping air contaminants.  I find the following grouping most helpful.

Caustics and corrosives 

These materials act similarly, in that both classes cause significant tissue damage on exposure.  Caustics (Bases) are those materials with a pH between 7 and 14, when measured in dilute aqueous solution, while corrosives (Acids) exhibit pH values between 0 and 7.  It is important to remember that the pH scale (“parts Hydrogen ion”) was established to describe acid and basic solutions of biochemical (dilute) significance and thus, does not indicate the actual concentration of a given sample.  The pH scale ranges from 0 to 14, with a neutral solution having a value of 7.0.  Because this is a logarithmic scale, each digit gain or drop in pH is equivalent to a change to the power of 10.  This derivation is important to note because it explains that pH may not necessarily be equivalent to concentration.  That is, a solution with pH 0 or one with pH 14 may be a much more concentrated solution than pH alone would indicate. 

Caustics present in significant volumes in silicon fabrication lines include ammonia (NH3),     ammonium hydroxide (NH4OH) and other hydroxides.  Tissue exposures to caustics may be harder to manage than some acid exposures, because of the slippery movement of these materials on the skin.  It will take a significant amount of rinsing to remove a splashed caustic, to prevent it from deeper tissue permeation.

Acids, however, will often react with proteins in the tissue, to form a coagulated complex that may retard or slow additional penetration.  (This can be visualized by an acid dropped onto raw egg white.  A concentrated acid will coagulate the clear egg white to an opaque “cooked” appearance.)  Acids present in silicon fabrication lines may be liquid or gases.  They include hydrochloric (HCl), nitric (HNO3), sulfuric (H2SO4) and hydrofluoric (HF) acids.  An interesting illustration of the protein coagulation phenomenon can be seen with exposure to nitric acid, in which a yellowish mark will form on the exposed skin.  This observation is helpful if an individual has had an exposure to an unidentified low pH solution.  Identification of the unknown corrosive is crucial, because if the identity cannot be definitively determined then the individual must be treated as if the exposure was to hydrofluoric acid.

Hydrofluoric acid exposures require specific and definitive medical management.  This is because, in addition to the tissue damage associated with the hydrogen ion the fluoride ion (F-) causes substantial tissue damage because of its reactive nature.  The fluoride ion will seek chemical neutrality, in biological systems combining with calcium (Ca+2).  Calcium is present in bone, making bony structures vulnerable to damage from the fluoride ion.  Blood concentrations of calcium exist within a relatively narrow range, and removal by the fluoride ion may have serious consequences.  

First aid for exposure to HF will include water rinsing, and at the direction of the site’s medical director may include a soak immersion in an iced solution of certain salts.  Gels are also available from pharmaceutical suppliers that can be applied during the interval between rinsing and medical treatment.

In a well-managed silicon fabrication line exposures to caustics and corrosives is limited.  Fugitive emissions are exhausted through a ventilation system, and liquid systems are designed to function with minimal operator action.  This is not to say however, that exposures cannot occur.  Chemical transfer systems can minimize hazards with pouring and mixing, but personal protective equipment is still appropriate to provide protection against splashes and spills.

Solvents 

The organic solvents in use in silicon fabrication lines include alcohols and acetone.   Members of the chemical family of glycol ethers are solvents in the photoresist process.  Trichloroethane (“TCA”) may be used in some applications.  In previous fabrication processing trichloroethylene (“TCE”) was occasionally used for its solvent properties.  In fabrication operations with other than silicon semiconductors it is possible to encounter other solvents, including aromatics like benzene and its derivatives.

Solvents are useful for their degreasing properties and are essential for delivery of photoresist resins.  Their high vapor pressures mean that respiratory exposure can occur unless appropriate engineering controls are in place.  In today’s silicon fabrication lines effective delivery, disposal and ventilation systems are integrated into process design.  As with caustics and corrosives, these engineering controls minimize the potential for splashing or spills.  It is still appropriate however, to require usage of appropriate personal protective equipment to protect any individual who may have an unanticipated exposure. 

In previous fabrication strategies concerns were raised about employee exposure to solvents.  Exposure to solvents can be associated with neurological deficits, and some solvents are potential carcinogens or reproductive hazards.   The glycol ethers, being integral to photoresist systems came under scrutiny in the 1980s.  Animal data suggested that reproductive effects were possible, but these data were difficult to interpret in the context of the fabrication process.  A substantial amount of applied research was performed, with experts reviewing and interpreting the subsequent data.  As a result the role of glycol ethers as human reproductive health hazards was better understood.  Besides the obvious implications for improvement to hazard control strategies in microelectronics operations this research should be useful for other industries whose processes are associated with glycol ethers.

Oxidizers 

In today’s silicon fabrication lines oxidizers generally pose more of a safety hazard than a health hazard.  There are some oxidizers used though, which call for specific recognition.  A large volume material is hydrogen peroxide (H2O2), usually present as a 30% solution.  This is a component of the piranha etch.  Identification of this material provides the professional with the opportunity for training to specify the very significant difference between this material and that of the domestic product, which is approximately 2-3%.

Another chemical family of note is the halogens, fluorine (F2), chlorine (Cl2) and bromine (Br2).  Chlorine has a number of applications, because of its oxidizing properties.  Chlorine has good warning properties, so any deviations in engineering controls for dispensing and exhausting this material will be readily identified by area personnel.   Although individuals will be aware of any significant release of chlorine, it is appropriate to supplement chlorine applications with fixed-point monitoring equipment.  Fluorine and bromine may be encountered by the individual covering a fab process for semiconductors other than silicon.  (Bromine, for example, is used in mercury-cadmium-telluride (HgCdTe) infrared detectors.)

Chlorine trifluoride (ClF3) is emerging as a potentially appealing material for stripping and cleaning.  This material definitely poses some potential for safety hazards, with its high degree of reactivity.  From a health perspective one would also note the tissue damage possible from the reactive chloride (Cl-) and fluoride (F-) ions.  Engineering controls appropriate to mitigate the fire and explosive hazards will also provide worker health protection. 

Metals and miscellaneous toxics

Elemental arsenic may be encountered in ion implanter operations, when arsine is used as the dopant gas.  Routine implanter operations should be associated with minimal exposure to operators, but individuals who perform cleaning and/or maintenance operations must be provided appropriate personal protective equipment.  A sampling program should be developed to characterize and quantify the potential for exposure.  Data from the sampling may suggest that biological monitoring be used to confirm that worker exposure is limited.  If such a program is instituted however, it is imperative that the site’s medical director oversee it.  A poorly thought out program can miss important indicators and/or may be associated with false positives.  Either shortcoming is unacceptable, given today’s knowledge of arsenic speciation.  It is also important to note that arsenic should be investigated as a surface contaminant, in addition to the potential for fugitive emissions.  

Organometallics are compounds in which a metal is combined with an organic component.  In general these are liquids at room temperature and pressure, and are dispensed via bubblers.   These materials are often very reactive, and some are pyrophoric.  The health hazards for these materials are generally associated with the toxicity of the base metal and that of its metal oxide.  Thus, the health hazard of diethylzinc (“DEZ”) is equivalent to that of zinc metal and/or zinc oxide.  Similarly, trimethylarsenic (“TMA”) brings to the workplace the potential hazards of elemental arsenic and/or arsenic (tri)oxide.

Silicon is the semiconductor material chosen for the highest volume applications in today’s microelectronics manufacturing.  Specialized circuits for other applications may introduce other semiconductors, however.  Mentioned earlier in this work was mercury-cadmium-telluride (HgCdTe), with its applications as an infrared radiation detector.  Another common material, chosen for its high speed/low power properties is gallium arsenide ( GaAs).   Any area in which these other semiconductors are used or manufactured should be sampled to determine potential for employee exposure, with appropriate controls then established.

Specialty gases

Large volumes of compressed gases are used in silicon fabrication lines.  These range from the relatively benign simple asphyxiants (noble gases, carbon dioxide, hydrogen, and nitrogen) to those presenting more potential for hazard.  Note that, by health classifications hydrogen is a simple asphyxiant.  It is a significant fire and explosion risk, but health risk is generally associated with displacement of oxygen, in a fugitive emission situation.

Caustic and corrosive gases include ammonium hydroxide (NH3), hydrogen chloride (HCl) boron trichloride (BCl3), boron trifluoride (BF3) and dichlorosilane (H2CCl2).  Oxidizers are present in the gaseous state, including oxygen (O2), chlorine (Cl2) and nitrous oxide (N2O).

Silane (SiH4) presents a more significant fire and explosion hazard than health hazard, but practioners in this setting must be aware of it and plan to prevent exposure.    Highly toxic gases used for microelectronics operations include phosphine (PH3), diborane (B2H6) and arsine (AsH3).  Programs for all of these gases must incorporate highly advanced engineering controls, with redundant fail-safe mechanisms.  Sites at which arsine is present must also coordinate with medical personnel, to recognize potential exposure to this material and to be prepared to initiate medical treatment protocols associated with its action as a strong hemolytic agent.  This includes the ability to provide exchange transfusions and dialysis.  

Etiologic Agents

Although workers in semiconductor operations wear cleanroom garb and various configurations of personal protective equipment it must nevertheless be remembered that they too are susceptible to infectious agents passed among employees.  Common sources of exposure include break periods and similar communal activities.  Promotion of basic health practices including participation in community vaccine strategies can improve worker health.  It is also strongly recommended that employees be encouraged to practice good hand-washing techniques prior to eating, after de-gowning and de-gloving, after using the toilet, and as frequently throughout the workday as is feasible.

Sites that staff a medical group and/or a first-aid response group must prepare a Bloodborne Pathogen Exposure Control Plan.  The Plan must be written to identify the potential risk to these employees, and to specify controls appropriate the their specific situations.

The outbreak in 2003 of SARS (Severe Acute Respiratory Syndrome) made visible just how vulnerable establishments in the United States are to infectious agents in other parts of the globe.  It is uncertain how this particular agent will continue to infect humans in 2004 and beyond, but companies that build a policy for managing it in their offshore and U.S. operations will be less vulnerable to unforeseen risks.

The 2003-2004 influenza season began earlier than in previous years.  While not a risk of manufacturing per se, companies that address influenza and build health programs for it may see a reduction in absenteeism.

An interesting notation with respect to tuberculosis is also worth mentioning.  The re-emergence of tuberculosis as a public health threat in the United States has had workplace implications as well.  Individuals responsible for site health must be aware of initiatives for tuberculosis assessment and control in their communities, and work with local public health authorities as relevant to their site.

Sampling Strategy

Appropriate characterization of any health hazard is dependent upon sampling and data interpretation.  Sampling strategy must be built to incorporate basic sampling methods (area sampling, breathing zone, etc.), but must also be expanded to include supplemental data as may be available.  Supplemental data may include fixed-point monitoring information, tracer gas studies, concentration modeling and biological data.  

Sampling data information is only a first step in evaluation of the potential for health hazard.  The health specialist must subsequently incorporate comparison of the sampled site to regulatory standards and to peer-reviewed and similar site comparison data as may be available.  Only in the context of such a comprehensive review is an adequate assessment of the potential for health risk quantifiable.  

Subsequent sampling and assessment may be able to be established on a less comprehensive basis, if no substantial changes to any of the variables initially identified occur.  

Some Emerging Issues

Future challenges for health practitioners in the industry are many and varied.  The conscientious practitioner will use the 
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model to address these issues as they present.  Some identifiable issues currently under debate include further epidemiological studies and synergy in multiple chemical sensitivity.  With the changing character of international politics the threat of domestic terrorism must also be recognized, particularly with respect to terrorist use of Weapons of Mass Destruction against our civilian population.  Microelectronics operations may be desirable targets for terrorist groups or individuals.  Conversely the health practitioner in these settings brings knowledge of highly hazardous materials and sophisticated emergency response strategies to company and community planning.

Summary 

Potential health hazards in microelectronics are many and varied.  The successful practitioner will use the industrial hygiene model to identify the hazards, and will build on the industry’s experience in preparing and implementing engineering and administrative controls to reduce the risk.
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