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It was not so very long ago that people thought that
semiconductors were part-time orchestra leaders and microchips
were very, very small snack foods.

Geraldine Ferraro

Abstract

Semiconductor manufacturing, one of the fields of manufacturing in which the

USA has played a dominant role for decades, is seen as a major consumer of

resources and a source of environmental impact. The objective of this chapter is

to introduce the basics of semiconductor manufacturing and, then, look at a

detailed analysis of the energy and global warming impact of manufacturing one

typical semiconductor product, the complementary metal oxide semiconductor

(CMOS) chip. Process steps are reviewed, materials, consumables, and waste

streams described, and then an example of applying life-cycle analysis to CMOS

fabrication and use (including materials processing through transportation and

use phases) is presented. The level of data detail required is illustrated along with

trends in manufacturing and environmental impact over several technology

nodes.
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7.1 Overview of Semiconductor Fabrication

The term “microfabrication” is used interchangeably to describe technologies that

originate from the microelectronics industry as well as small tool machining for

mechanical parts production. This chapter focuses on microfabricated semiconduc-

tor devices. These are principally integrated circuits (“microchips”), but similar

technologies are used to fabricate a wide variety of other products such as

microsensors (e.g., air bag sensors), inkjet nozzles, flat panel displays (FPDs),

laser diodes, and so on. Similarly, the term “micromachining” is used for semicon-

ductor processing as well as mechanical machining at the micron scale. Overall,

microelectronic fabrication, semiconductor fabrication, MEMS fabrication, and

integrated circuit technology are terms used instead of microfabrication, but

microfabrication is the broad general term.

Modern semiconductor devices require hundreds of manufacturing process

steps, using high purity materials in energy-intensive clean rooms. The high purity

requirements of integrated circuit manufacturing extend from the starting material

(silicon wafers), throughout the process flow to nearly all of the chemicals and

materials used in production and the exacting specifications of the manufacturing

clean room environments. Each wafer is processed to form layers of patterns using a

repetition of the following three basic processes. First, thin films of conductive,

insulating, or semiconductor materials are deposited on the wafer by physical or

chemical means. This is followed by a lithography step, in which a pattern is

transferred from a mask to a sacrificial photosensitive material. Finally, the thin

films are etched through the pattern in the photosensitive material resulting in its

transfer to the deposited film. Other processes are related to growing insulating

layers (oxidation), introduction and control of dopants used to moderate transistor

active regions (ion implant), chemical mechanical planarization (CMP) of films,

and wafer cleaning. After processing, each wafer contains hundreds of individual

devices called “dies,” which are tested, diced, and packaged into chips. Fundamen-

tal processes for manufacturing modern silicon wafers are described in detail

below. This chapter discusses the manufacture of integrated circuits, though some

of the following process steps are also used in manufacturing FPDs, photovoltaics

(PVs), and other semiconductor products.

Semiconductor production is highly resource intensive and generates a wide

variety of emissions, some of which have global effects. The processes used to

manufacture semiconductors emit several major classes of pollutants, including

global warming gases (e.g., CF4, NF3, C4F8), ground level ozone-forming volatile

organics (e.g., isopropyl alcohol, formaldehyde), hazardous pollutants (e.g., arse-

nic, fluorine), and flammable materials (e.g., silane, phosphine). Semiconductor

fabrication facilities also consume large volumes of water and energy, and the high

purity chemicals used in production are highly refined and thus have high “embod-

ied energy.” The upstream environmental effects due to chemicals manufacturing,

as well as fabrication facility (fab) infrastructure and equipment, represent signifi-

cant components of the environmental impact profile of semiconductor

manufacturing. The use phase of semiconductor devices results in indirect
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environmental and human health impacts resulting from energy-related emissions

which, in the case of logic devices, has been shown to dominate impacts over the

product life-cycle. The end of life of a semiconductor chip results in lead emissions

if there is lead present in the chip’s leadframe solder. After 2006, the EU’s

Restriction on Hazardous Substances, commonly known as RoHS, banned the use

of lead in electronics and most manufacturers switched to lead-free solders world-

wide to comply with this regulation. While other effects from end-of-life disposal

of semiconductor devices may exist, they are not included in this discussion

because they have never been specifically measured.

This chapter cannot cover this important subject in any real detail. Some

examples of challenges and approaches to analysis are given. For a more extensive

treatment of this topic readers are referred to [1] and [2].

7.2 Microfabrication Processes

Microfabrication refers to a set of technologies utilized to produce microdevices.

Many of the technologies are derived from very different processes and “arts,”

often not connected to manufacturing in the traditional sense. For example, lithog-

raphy derives from early printing techniques using etched plates to transfer patterns

to paper. Planarization technology, formerly referred to as only polishing, comes

from optics manufacturing dating back to the time of early astronomers and

physicists. Much of the vacuum techniques also come from nineteenth century

physics research. Electroplating is also a nineteenth century technique adapted to

produce micrometer scale structures, as are various stamping and embossing

techniques.

In the fabrication process for microdevices, a number of types of processes must

be performed, in a defined sequence, often repeated many times. In the fabrication

of memory chips, over 30 lithography steps, 10 oxidation steps, 20 etching steps, 10

doping steps, etc. are carried out as part of this process. Typical process steps

include:

– Photolithography

– Etching (microfabrication), such as RIE (reactive-ion etching) or DRIE (deep -

reactive-ion etching)

– Thin film deposition, see, e.g., sputtering, CVD (chemical vapor deposition),

evaporation

– Epitaxy

– Thermal oxidation

– Doping by either thermal diffusion or ion implantation bonding

– Chemical mechanical planarization (CMP)

– Wafer cleaning also known as “surface preparation”

The complexity of microfabrication processes can be described using a number

of measures, but “mask count” is typical. Mask count refers to the number of

different pattern layers that will make up the final microelectronic device. Modern

microprocessors are made with upwards of 30 masks while only a few masks may
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be used for a microfluidic device or a laser diode. The fabrication process is not

unlike multiple exposure photography in that many individual patterns (each on a

mask) must be aligned with each other in the various layers of the process to create

the final structure. In between the stages of fabricating these layers a number of

other critical process steps occur (for example, etch/strip and CMP). The masks

used in photolithography constitute a major portion of the cost of processing the

microdevice and, recently, a number of so-called maskless techniques relying on

writing processes without the mask have been discussed [3].

A few of the more prominent process steps are described in more detail below to

illustrate the complexity.

7.2.1 Lithography

A major component of semiconductor fabrication is photolithography. The lithog-

raphy process is the means whereby patterns are transferred onto a substrate (e.g.,

silicon, gallium arsenide, etc.). The pattern is used to isolate areas for subsequent

etching to create trenches for interconnects and lines or to protect the substrate from

etching. The patterns are written on glass plates called reticles, much like the glass

slides used in earlier forms of photo presentations with projectors. These are the

masks referred to in the previous section. Lithography is used because it allows

exact control over the shape and size of the features created, and because it can

create patterns over an entire surface simultaneously. The main disadvantages are

that it is primarily used for creating 2D (i.e., “flat”) structures, and, as with other

semiconductor processes, requires extremely clean operating conditions. In a com-

plex integrated circuit (for example, CMOS), a wafer will go through the photolith-

ographic cycle up to 50 times. Lithography machines are designed to enhance

throughput but necessarily require sophisticated mechanical structures, control,

and metrology to maintain pattern quality at high exposure speeds.

Photolithography involves a number of steps in a series of often repeated

combinations including:

– Substrate preparation

– Photoresist application

– Soft-baking

– Exposure

– Developing

– Hard-baking

– Etching

and various other chemical treatments (thinning agents, edge-bead removal, etc.) in

repeated steps on an initially flat substrate.

A typical cycle of silicon lithography would begin with the deposition of a layer

of conductive metal several nanometers thick on the substrate. A layer of photore-

sist—a chemical that hardens or softens when exposed to light (often ultraviolet)—

is applied on top of the metal layer by spinning the substrate under a stream of

photoresist. The mask, basically a transparent plate with opaque areas printed on it,
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is placed between a source of illumination and the wafer, selectively exposing parts

of the substrate to light. The photoresist is then developed during which areas of

unhardened photoresist undergo a chemical change. After a hard-bake, a series of

subsequent chemical treatments etch away the material under the developed photo-

resist, and then etch away the hardened photoresist, leaving the material exposed in

the pattern of the original photomask.

A characteristic of photolithography clean room environments is that the filtered

fluorescent lighting contains no ultraviolet or blue light to prevent accidental

exposure of the photoresist. Most types of photoresist are available as either

“positive” or “negative” resists. With positive resists the area that is opaque

(masked) on the photomask corresponds to the area where photoresist will remain

upon developing (and hence where conductor will remain at the end of the cycle).

Negative resists will create the inverse—any area that is exposed will remain, while

any areas that are not exposed will be developed. After developing, the resist is

usually hard-baked before subjecting to a chemical etching stage which will remove

the metal underneath.

7.2.2 Oxidation and Annealing

Thermal oxidation of silicon produces silicon dioxide, a high-quality insulator that

can also be used as a gate oxide, as a stress barrier for nitride (pad oxide), or to

prevent contamination in ion implant (screen oxide) and undoped silicate glass

(USG) applications (barrier oxide). In this process, silicon on the wafer reacts

with oxygen or oxidizing chemicals such as N2O in a temperature range of

1,173–1,373 K, to form silicon dioxide. Vertical furnaces can be used to produce

thicker oxide layers on batches of wafers, or Rapid Thermal Processing (RTP)

equipment can be used to produce thinner oxide layers on individual wafers.

Annealing is another high temperature process that can be performed in RTP

chambers. Annealing is used to control the concentration profile of dopant and to

reduce defects.

7.2.3 Wet Cleans

Wafer cleaning is the most frequently occurring category of process step in the

production of a wafer due to the need for contamination removal and surface

conditioning before sensitive deposition and thermal treatments. Wafers are

cleaned after each photoresist (PR) removal and CMP step, and before nearly

every oxidation, anneal, and deposition step. A brief summary of the main types

of wafer cleaning steps is given in Table 7.1
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7.3 Facility Systems

7.3.1 Resource Use

In addition to the specific chemicals used in processes such as cleaning and etching

process steps vast volumes of other fluids, resources, and materials are used.

For example, ultra pure water (UPW) or deionized (DI) water are used for

numerous cleaning steps in semiconductor manufacturing as seen in Table 7.1.

A typical semiconductor fab uses two million gallons of water or more [4]. Out of

that, about three quarters of the water is used for UPW and a single wafer may

require 2,000 gallons of UPW. UPW is treated to remove minerals, colloids, and

bacteria using reverse osmosis, ion exchange, and/or ultra filtration processes. UPW

is expensive both to produce and to treat for release because of its use of water,

energy, and consumable materials. However, used rinse UPW is typically much

cleaner than municipal supply water and may be treated and reused in the UPW

system or reclaimed for other uses in a fab. In certain cases, fabs that reclaim UPW

water for cooling towers may eliminate the need to purchase municipal water for

their cooling towers altogether.

Nitrogen is an inert gas that is used to purge chambers and pipes between processes.

Nitrogen may also be used to condition other purge gasses to desired temperatures.

Generally, it is produced onsite and piped into a fab rather than delivered in tanks.

Argon, carbon dioxide, or clean dry air (CDA) may also be used for similar purposes.

Use ofCDA instead of nitrogenmay represent significant cost and energy savings for a

fab. CDA is likewise produced onsite via filtration and dehumidification. It is used for

various purposes but particularly for drying wafers following wet clean steps.

Table 7.1 Wafer cleaning methods [1]

Clean name and

components Purpose Usage

SPM or

“Piranha” clean

H2SO4:H2O2:

UPW (1:1:6)

Removal of organic

materials

SPM is used as the primary means of PR

removal or to supplement plasma PR strip

SC1 (Standard

Clean 1)

NH4OH:H2O2:

UPW(1:1:6)

Removal of organic and

some metal impurities

SC2 (Standard

Clean 2)

HCl:H2O2:UPW

(1:1:6)

Elimination of metallic and

alkaline contaminants

Hydrofluoric

oxide strip

HF:UPW (1:100)

Silicon dioxide (“oxide”)

layer removal

Before any metal deposition and as a part of, or

after, most dielectric etch steps
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Maintaining a clean room requires numerous energy-intensive components,

including fans, filters, air conditioning, and dehumidifying. The air in a clean

room must be filtered to remove particles corresponding to the clean room class,

recirculated to provide a specified number of air changes per hour, and pressurized

with make up air so that contaminants do not enter the room even as air or process

gasses are exhausted out of the clean room. The class clean room refers to the max

number of particles up to 0.5 mm in size allowed per cubic foot of air. The number

of air changes per hour varies from double to triple digits with air grades varying

from grade D to grade A (for explanation of grades of clean room see, for

example [5]).

Process cooling water (PCW) systems are another energy-intensive component

of a semiconductor fab. PCW is used to cool process chambers, pumps, and

abatement equipment. PCW is either cooled via the cooling tower alone or chilled

via an additional chiller. The energy intensity of PCW may be reduced by

moderating the temperature differential between the supply and return PCW.

7.3.2 Abatement

The oldest and most fundamental of the facility abatement systems is the “house

scrubber,” an enclosed, water-sprayed matrix of inert mesh. This system captures

gaseous inorganic emissions, largely acids, which are sent as liquid effluent to the

acid waste neutralization (AWN) system, which continuously monitors and corrects

the pH of the incoming liquid waste.

Gaseous ammonia is emitted in small quantities from most nitride CVD

processes, either as unreacted precursor or as a byproduct emission. Fabs with

gaseous ammonia exhaust are fitted with a separate ammonia exhaust system and

scrubber in order to prevent particulate formation, clogging, and corrosion in the

acid exhaust system. Gaseous ammonia waste is captured using a water scrubber

similar in design to the facility acid scrubber but about a tenth of the size.

Complementary metal oxide semiconductor (CMOS) logic fabs use large

quantities of both liquid ammonia and sulfuric acid in wafer cleaning processes.

Liquid ammonia, collected via drain, may be recycled on site using membrane

filtration or distillation, or treated using sulfuric acid to produce ammonium sulfate.

In this model, the latter is assumed and thus ammonium sulfate, which results from

the neutralization of ammonia and sulfuric acid effluents in the AWN system, is

among the liquid wastes produced in the highest volume by wafer fabrication in

this model.

There are several combinations of treatment methods that may be used to

address the liquid effluent of copper CMP processes. Copper CMP waste treatment

is described in the work of Krishnan [6, 7] as a sequence of ion exchange,

microfiltration, activated carbon filtering, and filter pressing. An ion exchange

resin bed removes copper and is regenerated at the fab using sulfuric acid, to

produce CuSO4 liquid waste. Slurry particles are filtered and pressed into a solid

non-hazardous waste which is sent to a landfill. The remaining water contains less

7 Semiconductor Manufacturing 159



than 2 ppm dissolved copper and is sent to the AWN system. The concentrated

CuSO4 liquid is sent offsite as hazardous waste to be electrowinned for copper

recovery or possibly purified into a useable byproduct.

The fluoride waste system treats fluoride wastewater using CaOH and a flocculant

material to produce non-hazardous solids containing calcium fluorite (CaF2).

CVD steps emitting per-flouro-compounds (PFCs) require combustion and

water scrubbing or plasma point-of-use (POU) abatement because water scrub-

bing alone does not break down these compounds (and in some cases may form

reactive fluorinated byproducts). CVD steps emitting silane or hydrogen above

flammable concentrations also require immediate combustion of their emissions

in POU systems due to the risk of explosion in exhaust lines. Implant processes

emitting phosphine and arsine are typically abated using cold bed adsorption

systems.

7.4 Green Manufacturing in the Semiconductor Industry:
Concepts and Challenges

The semiconductor manufacturing process is exceptional in the large variety of

chemistries that it employs. As can be seen in the previous section, wafer

processing involves a number of different acidic (the hydrofluoric and sulfuric

acids used in wafer cleans), basic (wafer clean steps including ammonia), oxidizing

(wafer cleans using peroxide), and other highly reactive chemistries (fluorine used

in etching), as well as compounds which are extremely toxic (arsine and phosphine

used in implant). The equipment used to administer these reactions must be

designed to protect the manufacturing personnel, following safety rules outlined

by government agencies such as OSHA and standards (e.g., SEMI S2) developed

within industry groups such as Sematech.

As all mainstream semiconductor manufacturing equipment currently sold and

used follows these regulations, the direct human health impacts and risks within the

fab have been nearly eliminated in normal operation. (Though, hazards still exist in

cases of catastrophic breakdown, fire, or earthquake.) Once these chemicals leave

the equipment, they must be further handled and neutralized by the POU and facility

abatement systems, in a safe and efficient way. While the guidelines and standards

for equipment safety are enough to thoroughly guide and ensure the design of safe

equipment, the design and operation of facility abatement is a much more complex

undertaking. The abatement and neutralization of emissions is not as predictably

efficient or controlled as the reaction of chemicals within the process equipment in

part because the processes used to neutralize emissions to the extent necessary to

make them safe for release into the environment do not need to be as precise as those

used within the process chamber. Additionally, within the facility abatement

systems (the house gaseous waste, fluorine abatement, and AWN systems), the

chemistry of the combined emissions of the many processes running on site can be

unpredictable. Facility abatement systems are designed to continuously measure the

incoming waste stream and adjust the neutralization chemistry accordingly.

160 S. Boyd and D. Dornfeld



Nevertheless, neutralization of an unpredictable waste stream cannot be as efficient

or controlled as that of a known waste stream.

When facility abatement systems are not operating ideally, or were not originally

designed or built to sufficiently handle the current waste streams entering them, a

variety of environmental impacts can result. For example, the “house scrubber”

(facility gaseous abatement system) may be accepting significant concentrations of

gaseous fluorine (F2), either because no POU abatement is set up on plasma etching

equipment or because POU systems are not sufficiently scrubbing the F2 gas. This

gaseous fluorine will react with water to a small extent to form OF2, a reactive and

highly toxic gas [8]. Another product of the reaction of fluorine with water is HF.

When fluorinated compounds are effectively abated from processes at POU, the

resulting liquid HF is sent to a fluorine waste treatment system which is separate

from the house AWN system. Any HF captured in the house scrubber system could

not be effectively treated before being released into the environment, as it would

already be mixed in with the larger volume of non-hazardous waste. Ineffective

abatement of fluorine and the consequent release of reactive fluorine species into

the environment could result in human health and ecological impacts.

While the potential environmental and health impacts from semiconductor

manufacturing are understood and, in most cases, successful efforts are made to

eliminate or mitigate them, the global warming potential (GWP) impacts associated

with certain PFCs were not recognized or controlled until many years after the

introduction of their use.

PFCs are an important group of emissions from semiconductor manufacturing

due to their high infrared absorption, long lifetimes, and consequential global

impact. These compounds are used in wafer etching and include CF4, C2F6, NF3,

and SF6. For this reason, global warming impacts are an important impact category

to consider in the production of ICs.

The abatement of some PFC emissions are regulated by the Kyoto Protocol (in

Annex I and II nations) and, in 1999, the World Semiconductor Council (WSC),

which includes the semiconductor industry associations of Japan, Europe, Korea,

Taiwan, and the USA, issued a position paper which committed members to PFC

emissions reduction by 10% of 1995 or 1999 baseline levels by the end of 2010. The

China Semiconductor Industry Association (CSIA) joined the WSC in 2006 but did

not sign on to the climate protection agreement at that time. In 2009, CSIA stated an

intended plan to join the WSC agreement on PFCs but did not commit to a baseline

year for that goal, and has not yet as of the year 2010 [9].

Although these two agreements have resulted in tremendous progress in the

reduction of semiconductor PFC emissions, more than half of semiconductor

production occurs outside of Kyoto Protocol Annex I and II nations, and, in 2008,

almost 20% of semiconductor production capacity was held in China, Singapore,

and Malaysia, where the industrial consortia have not committed to the WSC PFC

goals. Semiconductor capacity has continued to grow in those countries where PFC

emissions control is not required by any public agreement or national policy. NF3 is

not regulated by the Kyoto Protocol, but is among the PFCs which are used in

highest volume in the semiconductor industry [10, 11].
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7.5 Use-Phase Issues with Semiconductors

Most consumer products which consume more than a few watts in operation will

have a use phase which dominates energy consumption impacts among all of the

life-cycle stages. Depending on the electricity mix in the location of use, therefore,

the use phase of an integrated circuit will in most cases be the largest contributor

among its life-cycle stages to primary energy and water use, as well as GWP,

acidification, ground-level ozone formation, and other impacts related to electricity

generation. Even in the case of an IC with a low power consumption, the use phase

is an important contributing stage to life-cycle impacts.

Most ICs are built into products which have a use phase which dominates energy

consumption impacts among all of the life-cycle stages. The importance of the use

phase has thus been no secret to those concerned with the environmental impacts of

integrated circuits and computers in general. Indeed, the longest running and likely

most well-known environmental initiative concerning electronics is Energy Star

[12]. Energy Star is a labeling program operated in cooperation between the US

Environmental Protection Agency and Department of Energy. The Energy Star

program develops testing protocols, collects data, and sets thresholds for the

definition of energy efficiency in a variety of categories of consumer electronics.

Manufacturers who certify their product to the standard may then print the Energy

Star label on their product or packaging. Computers and monitors became the first

consumer products to carry the Energy Star label in 1995.

In addition to the improvement in efficiency related to hardware (e.g., lower

power consumption in integrated circuit chips, more efficient battery technologies),

power management through software applications has also played a significant role

in improving the efficiency of laptops and other electronic products. For example,

advanced, or “dynamic,” operating system-integrated chip power management

allows software to shut down the central processing unit (CPU) when the user is

inactive. Introduced in the early 2000s, this software was available as part of both

the Windows 2000 and XP operating systems, but neither of these platforms had

advanced power management settings enabled by default, and the functionality was

often not enabled by the user. In 2007, when many used their computers with

advanced power management features disabled due to the default Windows

settings, a market research study found that as many as 60% of computer users in

the USA did not shut down their computer at the end of the day. These computers

which were left on (termed “zombie” computers), which would otherwise have

been put to sleep via advanced power management, resulted in the needless

emission of an estimated 14 million tons of CO2 that year (Alliance to [13]). In

Windows 7, the default settings for shipment were for lower power consumption,

which supported wider use.

The Climate Savers Computing initiative is a more recent industry initiative

concerning the use phase of computing which put a particular focus on software-

integrated power management. Climate Savers has served as a platform for collab-

oration and technical standard-setting to improve efficiency in hardware as well as

increase the adoption and consumer use of advanced power management.
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More recently, other manufacturers and distributors have been working on

labeling standards for indicating the consumption of consumer electronics. The

Sustainability Consortium has an Electronics Sector Working Group that is focused

on creating scientifically grounded and transparent metrics for measuring and

reporting environmental and social impacts of electronics [14]. A large group of

companies and organization representing the sector is working to create these

metrics using a life-cycle based platform and will be in an ISO-certifiable and

index-ready format.

7.6 Example of Analysis of Semiconductor Manufacturing

7.6.1 Introduction

The semiconductor manufacturing process is complex and, unsurprisingly, deter-

mination of the associated emissions and their impacts is not a straightforward task.

Nevertheless, it is instructive to look at a detailed analysis of the life-cycle energy

and global warming emissions of CMOS logic. This section is taken substantially

from the doctoral thesis of one of the chapter authors, Sarah Boyd, and can be found

in its entirety in [1] or [2].

Information and communication technology (ICT) has the potential to reduce the

impact of human activities on the environment. In order to fully understand

the environmental benefits of ICT, the life-cycle impacts of computer systems

must be compared with those of the products and services they replace. The

questions of whether reading news on a handheld device rather than newspaper or

purchasing books from an online retailer instead of from a bookstore reduces

environmental impact are two examples of this sort of comparison in the recent

literature [15–17]. While, initially, the replacement of traditional products such as

newspapers by a small fractional increase in the use of a handheld mobile device

seems a winning environmental trade-off, there has been increasing concern over

the large energy demands of the Internet infrastructure, with data center energy

demand in the USA reaching 1.5% of the national total in 2006 and estimates of

2011 demand surpassing 10 billion kWh [18].

Among the numerous parts which compose the IT infrastructure, semiconductor

chips are among the most resource intensive to produce as well as the most difficult

to characterize for the purposes of life-cycle assessment (LCA). While it may be

possible to estimate the environmental impacts of a cable or plastic computer

housing knowing only their masses and material types, the impacts associated

with a semiconductor chip are not represented well by the substance of the device

itself. While a logic chip may weigh only a few grams, the chemicals and water

required to produce it weigh many kilograms. There is a need for a more detailed

and transparent life-cycle inventory (LCI) for semiconductor products.

CMOS is the dominant device structure for digital logic. The CPU in desktops,

laptops, handheld devices, and servers, as well as nearly all embedded logic (the

chips in appliances and toys) are CMOS-based. Every 1–3 years, a new generation
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or technology node of CMOS is introduced, based on design laws which have been

established through industrial collaboration. Due to the cooperation necessary to

plan and achieve the goals for each generation, there is considerable homogeneity

among the devices manufactured by the major logic producers at each technology

node. A generic version of CMOS may thus be used to represent logic products

from many different manufacturers.

This section provides a summary of a life-cycle energy analysis for CMOS chips

over seven technology generations with the purpose of comparing energy demand and

GWP impacts of the life-cycle stages, examining trends in these impacts over time

and evaluating their sensitivity to data uncertainty and changes in production metrics

such as yield. Chips of generic CMOS logic, produced at a semiconductor fabrication

facility (fab) located in Santa Clara, California are evaluated at each technology node

over a 15-year period, from the 350 nm node (circa 1995) to the 45 nm node (circa

2010). This study is composed of production-related LCA data, based on emission

measurements, process formulas, and equipment electrical tests, combined with

previously published LCA data for chemicals, electricity, and water, as well as

publicly available use-phase data for computer chips. A hybrid LCI model is used.

Wafer production, electricity generation, water supply, and certain materials are

represented by process LCA data, while the remaining materials are described using

economic input–output life-cycle assessment (EIO-LCA) methods [19]. While life-

cycle energy andGWPof emissions have increased on the basis of awafer or die as the

functional unit, these impacts have been reducing per unit of computational power.

Sensitivity analysis of the model shows that impacts have the highest relative sensi-

tivity to wafer yield, line yield, and die size and largest absolute sensitivity to the use-

phase power demand of the chip.

The methodology used in the study is detailed first, including the materials and

other resource and production data sources covering the full range from material

production to end of life of the CMOS device. The results of the study are then

summarized. This example illustrates the level of detail necessary to adequately

measure, or estimate, the impact in terms of energy use and GWP of such a complex

production.

7.6.2 Methodology

The scope of this LCA includes materials production, wafer processing, die pack-

aging, transportation, and use of the logic chip, Fig. 7.1. The LCA model is hybrid,

using a combination of process-based LCA and economic input–output (EIO) LCA

data (Table 7.1). The functional unit is one packaged die, but in order to allow

further analysis and to investigate trends, results are also presented per wafer and

per million instructions per second (MIPS). The stages of analysis cover from

materials production through end of life.

At end-of-life, it is assumed that there is no recoverable energy value in the chip.

Other end-of-life impacts are not included because the functional unit of this LCA

is the chip alone and past studies of electronic waste impacts have generally
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concerned the computer as a whole. A great deal of effort has been focused on the

end-of-life of computer systems because irresponsible recycling practices can

produce dramatic and visible human health and environmental impacts. The

major pollutants associated with e-waste (flame retardants, polychlorinated

biphenyls, dioxins/furans, polycyclic aromatic hydrocarbons, lead, cadmium, and

mercury) are largely emitted from the incineration or chemical breakdown of circuit

boards, wiring, housing, and displays. Although there may be harmful emissions

from the decomposition or combustion of a logic chip, these have not yet been

measured in isolation, but remain an important topic for future work. Because there

is no positive energy value and no global warming impacts at end-of-life, the net

impact in this life-cycle stage is zero.

In order to clarify the model structure and in order to demonstrate the sensitivity

of results to variation in model parameters, the inventory model is described

algebraically. The contributors to the life-cycle energy requirements (etotal) and
global warming potential (GWP) of life-cycle emissions (gtotal) are illustrated in

(7.1) and (7.2).

etotal ¼ eup þ einf þ eprod þ etrans þ euse (7.1)

eup: energy for upstream materials;

einf: energy for infrastructure;

eprod: energy for production;

etrans: energy for transportation;

euse: use-phase energy.

gtotal ¼ gup þ ginf þ gprod þ gtrans þ guse (7.2)

gup: GWP of emissions due to upstream materials;

ginf: GWP of emissions due to infrastructure;

gprod: GWP of emissions due to production;

gtrans: GWP of emissions due to transportation;

guse: GWP of emissions due to use-phase energy.

A schematic of the mass and energy flows used in this analysis relative to the fab

is shown in Fig. 7.2, from [1].

The compositions of these various terms from (7.1) and (7.2) are now described.

Fig. 7.1 Life-cycle stages with data source types [1]
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7.6.3 “Upstream” Materials

7.6.3.1 Chemicals
Among the life-cycle impacts of semiconductor products, the importance of

energy-related emissions from the production of high purity chemicals has been

noted previously by a number of authors [20–23]. The limited LCA data available

for exotic and/or high purity semiconductor process chemicals remains a challenge

in quantifying these impacts. The formulas for advanced semiconductor processing

materials such as CMP slurries are closely held intellectual property. Chemical

textbooks and handbooks simply do not contain information about the production

processes used to make them, and it is challenging to identify the dominant

production method among patent filings, as enterprises will at times file multiple

patents describing different production pathways or describe production recipes

broadly. While LCA data are available for some basic chemicals used in wafer

manufacturing, such as elemental gases, metals, and common acids, it is usually

representative of the industrial grade, with a purity of 99% or lower, rather than

ultra-high purity or semiconductor grade (99.9997–99.9999999% pure).

This example uses a method of LCA data collection by which data based on

process descriptions are used where available, and data from the Carnegie Mellon

EIO-LCA database are used where costs are known. When no process LCA data

and no cost information are known, an estimate for the energy intensity of chemical

manufacturing developed by Overcash is used [24]. In this study, the

Fig. 7.2 Overview of mass and energy flows considered in the fab model [1]
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“pharmaceuticals and medicines” rather than “photographic film and chemicals”

commodity sector (NAICS #325400) is used in the EIO analysis for those materials

which are high value specialty chemicals (those with a purchase price over $1,000

per kg), since the economic value of these materials is represented more closely by

the former sector. The organic chemicals (NAICS #325190) and inorganic

chemicals (NAICS #325180) commodities are used for the remaining materials,

as appropriate. Although additional impact categories are available for those

materials analyzed using EIO-LCA, the inventory is limited to primary energy

demand and the GWP of emissions. Data sources for all inventory materials are

detailed in [1]. The uncertainty of EIO-LCA data is given as one order of magnitude

for each result. The uncertainty of process data from textbooks and manuals is

assumed to be zero, because it is unknown but assumed to be small as compared

with other chemical LCA data sources. All data sources and impact values for

materials using published process energy data are given in [1].

7.6.3.2 Silicon
Silicon is the purest substance used among all semiconductor process materials.

There are several processing steps that raw silica takes to become a pure silicon

wafer, the substrate of semiconductor devices. Raw silica is refined into metallur-

gical grade silicon, which is twice refined to produce a single crystal ingot that is

then sliced into wafers. The high embedded energy of the final product (approx.

2,000 kg) is due not only to the energy intensity of these processes but also to a

cumulative low yield caused by the losses at each step. Full descriptions of the

energy requirements and environmental emissions of high purity silicon production

are available from previous sources [21, 25]. The LCA data provided by Williams

and used in this study [21] is duplicated here for clarity, Table 7.2.

7.6.3.3 Water
Since the focus of this example is the production of chips of generic CMOS logic at

a fab located in Santa Clara, California, the environmental impacts associated with

the Santa Clara water supply are modeled. Modeling is done using information

from the Santa Clara ValleyWater District and previous work on LCA of California

water supplies by [26]. The Santa Clara Valley Water District infrastructure is

composed of three treatment plants for local and imported water, one recycled

Table 7.2 Summary of data sources [1]

Silicon Process LCA

Chemicals Process and EIO-LCA

Infrastructure and equipment EIO-LCA

Fabrication Process LCA

Electricity Process and EIO-LCA

Water Process and EIO-LCA

Transportation Process LCA

Use Process LCA
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water treatment facility, 142 miles of pipelines, and three pumping stations.

According to a report from the district board, approximately 51% of the water

used in Santa Clara is imported, while 45% comes from local sources and the

remaining 4% from recycled stocks [27]. Most water imported to Santa Clara

comes from the Sacramento-San Joaquin River Delta via the South Bay Aqueduct,

though a small fraction also comes from the Hetch-Hetchy reservoir via the San

Francisco water system. Local water sources include groundwater basins and ten

surface reservoirs. The life-cycle environmental impacts evaluated by Stokes for

imported and recycled water from the Oceanside Water District in San Diego are

applied, on a per volume basis, to the imported and recycled fractions of water in the

Santa Clara system. Life-cycle environmental impacts associated with Santa Clara’s

locally sourced water are estimated based on the energy required for treatment and

distribution of imported water in Stokes’ model of Marin’s water treatment works.

The global warming emissions intensity for the power utility in Santa Clara (Pacific

Gas and Electric), 280 g CO2eq./kWh, is used. The energy intensity and percent

contribution of each source is presented in Table 7.3. The resulting global warming

emissions per liter of water provided in Santa Clara is 0.6 g CO2eq.

7.6.3.4 Infrastructure and Equipment
The energy use and GWP for infrastructure and equipment are evaluated using EIO-

LCA. Rock’s Law (which says that the cost of a semiconductor chip fabrication

plant doubles every 4 years) is used to estimate the total cost of the fabrication

facility and the costs of wafer fabrication equipment are taken as 70% of the total

cost of the fab, based on a commonly stated approximation. Expenditures are

depreciated over a 10-year period, using a straight line schedule, yielding an annual

cost which is corrected to 1997 dollar values using the average US inflation rate

over the 1995–2008 period of 2.7%. Total costs for the building and equipment for

each technology node are provided in Table 7.4.

Table 7.3 Energy intensity of silicon production [21]

Process step Electrical energy/kg Si out (kWh) Si yield (%)

Refining Silica to Mg-Si 13 90

Mg-Si to trichlorosilane 50 90

Trichlorosilane to polysilicon 250 42

Crystallization of polysilicon to sc-Si ingot 250 50

Sawing Sc-Si ingot to Si wafer 240 56

Process chain from silica to wafers 2,127 9.5

Table 7.4 Global warming intensity of Santa Clara Water [1]

Local supply Imported Recycled

Contribution of source (%) 45 51 4

kWh/l 0.0021 0.0019 0.0002
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7.6.3.5 Electricity
The emissions associated with electricity use at the different geographical locations

of each life-cycle stage are reflected in the model. In the fabrication and use stages,

emissions factors for electricity are specific to California, while the stages of

chemical and infrastructure production are represented by each US industry average

GWP emissions factors, via EIO-LCA [19].

The environmental impacts associated with electricity supplied to the California

plant are evaluated using two previous LCA of electricity generation, data from the

EPA and information from Santa Clara’s electric utility, Pacific Gas and Electric.

The electricity mix of Pacific Gas and Electric in 2008 was 47% natural gas, 23%

nuclear, 13% large-scale hydroelectric, 4% coal, 4% biomass or other waste

combustion, 4% geothermal, 3% small-scale hydroelectric, 2% wind, and 0.1%

solar photovoltaic [28]. The life-cycle GHG emission factors (g CO2eq./kWh) for

natural gas, coal, large-scale hydroelectric, and solar photovoltaic power are taken

from the work of [29], while that for nuclear electricity is taken from a study by

[30]. Direct GHG emissions for geothermal and biomass combustion are taken from

the EPA [31]. Small hydro is considered to have the same impacts as large hydro.

A national average for the Chinese grid of 877 g CO2eq/kWh, based on a previous

LCA [32], is used for the production scenario in China.

In order to facilitate comparison with preceding studies, for most life-cycle

stages, the convention of 10.7 MJ of primary energy per kWh electricity is used.

This represents a worldwide average value for fuel consumption in electricity

production [21]. The primary energy intensity of electricity supplied in Santa

Clara is not documented, and since there have been no studies which provide net

fuel intensity of nuclear, geothermal, wind, or the other non-combustion generation

technologies used by the California grid, the fuel intensity of the electricity used in

fabrication is taken as the worldwide average. In actuality, the primary energy

intensity of Santa Clara electricity is estimated as the world average. Since most

of the thermal generation in California is combined cycle natural gas combustion,

and the contribution of renewables and nuclear are higher than the world average,

the net primary energy demand for electricity production is somewhat lower than

10.7 MJ/kWh. For the purposes of this example, however, the global average

is used.

The fuel intensity of electricity in China, however, is higher, with an average

value of 12 MJ/kWh of electricity, due to an average lower conversion efficiency of

power plants as well as higher losses in transmission and distribution [32].

Table 7.5 Cost of fab infrastructure and equipment [1]

Year 1995 1998 1999 2001 2004 2007 2010

Technology node 350 250 180 130 90 65 45

Equip. cost, depreciated ($M/year) 42 71 84 119 200 336 400

Construction cost, depreciated ($M/year) 18 21 25 30 36 43 51
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7.6.3.6 Semiconductor Manufacturing
In this analysis the primary model for wafer manufacturing is located in Santa

Clara, California, USA. A separate scenario for production in China is developed in

order to demonstrate the environmental effects of using China’s electricity supply

mix and neglecting PFC abatement. Although PFC emissions may be abated in

some fabs in China, the assumption is made that there are few if any controls on

PFC emissions at the Chinese production site.

The mass and material flows are accounted at the level of the fab and equipment,

see Fig. 7.2.

A complete summary of changes to the process flow for each device over the

technology nodes covered in this example is given in [1]. The process change which

has allowed the greatest reduction in GWP from one technology node to the next is

the switch from in situ plasma generation to remote plasma generation for etch and

post-dielectric deposition chamber cleaning.

Facility and Process Equipment Energy Demand. While device design, process

complexity, and the length of the process flow grow continuously, total fab energy

consumption has not increased at the same pace and has at times decreased in the

past decade due in large part to facility efficiency improvements. These changes are

reflected in the model; at each technology node, improvements are made to certain

facility equipment, such as the water chillers or exhaust pumps, which allow

reduced energy consumption. Rising energy costs as well as pressure to achieve

GHG emission reduction goals set by the World Semiconductor Council have

driven fabs to reduce their total energy consumption. These efforts are reflected

in the industry goals set in the ITRS, which show an ongoing effort to reduce

facility energy consumption on a kWh/cm2 wafer area basis. The trend may be

verified using an EIO perspective. By normalizing per unit of silicon area used,

rather than by economic value of production, energy consumption can be analyzed

independent from increases in off-shoring and outsourcing of fabrication by US

companies or the increasing economic value of products. US Census data from

1995 to 2005 show that the total electricity consumed by the semiconductor

industry in the USA, when normalized per area of silicon consumed by the industry,

did not increase significantly from 1995 to 2005 [33, 34]. The energy consumption

per area of silicon consumed increases and decreases slightly over time, but was

roughly the same in 2005 as in 1995, approximately 1.5 kWh/cm2 [21, 34].

Energy efficiency goals have largely been achieved through changes to fab

facility systems. Throughout the industry, improvements have been made to the

energy efficiency of nearly all of the major fab systems: water cooling, exhaust

flow, water distribution, clean room air flow, CDA and facility nitrogen delivery

systems, and chamber vacuum pumps. Facility energy efficiency improvements can

be classified as advancements in both the technologies and in the techniques applied

in fab design and operation. Higher efficiency pumps and fans, variable speed

drives (VSDs), and improvements in ducting and clean room airflow arrangement

such as mini-environments represent technological developments. Reduction of

pressures in CDA and exhaust systems, optimization of clean room temperature
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and air speed, and the use of larger cooling towers to allow reduced chiller size are

examples of operational improvements.

These advancements are reflected in the model for each technology node in this

study. At the 250 nm node, the pressure maintained in the CDA delivery system is

increased to support stepper systems required for this generation’s photolithography

tools. (This change does not enhance energy efficiency but was necessary to enable

pneumatic stepping for lithography.) At the 180 nm node, the air change-over rate

(ACR) is reduced in the clean room heating ventilation and air conditioning (HVAC)

system, allowing fans speed to be lowered, the scrubber exhaust pumps are upgraded,

a smaller and more efficient chiller, using a VSD, is installed; chiller use is also

reduced by increasing the size of the cooling towers. Total facility energy consump-

tion is cross-verified against industry reports and published literature [35, 36].

The wafer yield (good chips per wafer), line yield (finished wafers per wafer

starts), and chip size are key variables which influence the environmental impacts

per chip. The values for these parameters at each technology node are based on

industry average data [35].

Power data for process tools are based on measurements taken using three phase

power measurement equipment, which have a maximum error of �2.6%. Power

requirements for facility systems are determined usingmass flow analysis and facility

energy consumption models, which are developed based on data from industry and

technical reports [37, 38]. Power and facilities requirements for process tools are

from process equipment measurements [39] and requirements for abatement equip-

ment are based on manufacturers’ specifications, which have an undefined error.

Process Emissions. The abatement of some PFC emissions are regulated by the

Kyoto Protocol (in Annex I and II nations) and, in 1999, the World Semiconductor

Council (WSC), which includes the semiconductor industry associations of Japan,

Europe, Korea, Taiwan, and the USA, issued a position paper which committed

members to PFC emissions reduction by 10% of 1995 or 1999 baseline levels by the

end of 2010. However, more than half of semiconductor production occurs outside

of Kyoto Protocol Annex I and II nations, and, in 2008, almost 20% of semicon-

ductor production capacity was held in China, Singapore, and Malaysia, where the

industrial consortia have not joined in theWSC. Thus, although PFC emissions may

be abated in some fabs in China, the assumption is made that there are no controls

on PFC emissions at the Chinese production site.

GWG emissions from each process step have been determined, pre- and post-

abatement, using in situ mass spectrometry and Fourier transform infrared (FTIR)

spectroscopy analysis by a procedure which requires mass balance to be closed

within 10% of chamber inputs. Each of these measurements thus has a maximum

uncertainty of �10% for each element. For most materials, the uncertainty of the

total mass of emissions per finished wafer can be considered as a uniform distribu-

tion with variance equal to (10%)2 of the expected value. For NF3 which is at more

than 30 points during processing of a single wafer the uncertainty is reduced via the

central limit theorem, and the total mass flow is modeled as a normal distribution

with variance equal to (3.3%)2 of the expected value. GWPs are taken from [40].
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7.6.3.7 Transportation
Chips are typically cut and packaged at a facility separate from the wafer fabrication

site, often in a different country or on a separate continent altogether. Semiconductor

products therefore travel twice within the production phase: wafers are transported

from the fab to an assembly plant, where they are cut into die, packaged into chips,

and tested and finished chips are then transported to the place of eventual use.

The global industry of semiconductor packaging and testing, or “back-end”

processing, is clustered in Vietnam, Malaysia, Costa Rica, Puerto Rico, China,

and the Philippines. Costa Rica is the closest location to Santa Clara and is therefore

the location of assembly designated in this study.

Travel from the wafer fab to the assembly facility is taken as 50 miles by truck

and 3,000 miles by plane, and from assembly to the final POU, travel is 3,000 miles

by air and 200 miles by truck. Energy consumption and GWP of emissions for truck

and air freight are from [41]. The distance of each travel leg and its corresponding

GWP impact and energy intensity is given in Table 7.5.

It is assumed that between wafer production and assembly, the finished wafer is

transported in a wafer carrier and additional casing with a total weight of 500 g per

200 mm wafer or 700 g per 300 mm wafer. Between assembly and use, the product

and packaging has an assumed weight of 20 g regardless of technology node.

The total energy and GWP intensity of transport for each technology node is

detailed in [1].

7.6.3.8 Use Phase
The use phase represents the power consumption of the chip assuming an average

power supply efficiency of 70%. The lifetime of the chip is taken to be 6,000 h

(3 years, being used 8 h a day, 5 days per week, and 50 weeks per year) in a 70%

active state, representing a business user. An assumption of 3 years is consistent

with the literature, which identifies the typical lifespan of personal computers as

2–3 years in business applications and 4–5 years in residential use [33, 42, 43]. The

lifetime assumed in this study would also be equivalent to an 18-month lifespan of

a data center processor, operating continuously, with 95% uptime, at a 30%

activity rate.

The average power requirements for logic chips are taken from the 2001 to 2007

International Semiconductor Manufacturing Roadmap reports [4, 35, 44] and, for

years previous, from manufacturer’s specifications. These power values represent

operation at full capacity or at a 100% activity rate (Table 7.7).

Table 7.6 GWP intensity of transportation [1]

Distance, fab. to

assembly (miles)

Distance, assembly

to use (miles)

CO2 intensity

(g CO2eq./ton-mile)

Energy intensity

(MJ/ton-mile)

Truck 50 200 187 2.7

Air freight 3,000 3,000 18 0.38
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The average chip power demand has risen from 14 to over 140 W over the past

15 years. The steady increase in power requirements for logic chips is the main

cause of rising energy-related life-cycle impacts, as will be shown in Sect. 7.6.4.

In order to compare impacts on a common basis of operational performance, the

rate of instructions performed, usually denoted in million instructions per second,

MIPS is used, rather than clock speed or transistor density, as a common metric of

computational capacity. Transistor density is not ideal as a computational power

metric because while increased transistor density usually results in increased

computational power, the relation is not necessarily proportional. Although clock

speed, which is dependent on transistor density, is used as a popular measure of a

CPU performance, computational power is determined by the CPU’s architecture,

instruction set, cache size, and memory speed as well as clock rate. The rate of

instructions in MIPS accounts for both the speed and design of the chip but remains

highly dependent on the instruction sequences used to define the metric. Though

instruction rate falls short of providing a perfect description of a CPU’s perfor-

mance as processors with different instruction sets or architectures are not compa-

rable, instruction rate is a more representative metric than clock rate or transistor

density and is a commonly reported measure of performance. MIPS is thereby used

in this analysis as a metric for comparison based on computational performance.

7.6.4 Results and Discussion

As technology has progressed, life-cycle energy use and greenhouse gas emissions

have in general been increasing per wafer and per die but decreasing when

normalized by computational power. Figure 7.3 shows how total life-cycle energy

demands per wafer, per die, and per 1,000 MIPS have changed over the period

under study.

The increases in per-wafer and per-die life-cycle impacts have one dominant

cause: the escalation of use-phase chip power. The growth in per-wafer impacts,

however, is also due to the lengthening of the manufacturing process flow and

concomitant expansion in manufacturing infrastructure and equipment, as shown

in Fig. 7.4.

At each technology node, the complexity of device design has increased, and the

number of process steps required to produce a finished wafer has escalated. In this

model, for example, production of a finished wafer entails 147 process steps at the

350 nm node, while the process flow for a 45 nm device consists of a total of 251

process steps. The lengthening of the process flow follows from increasingly

Table 7.7 Use-phase power by technology node [1]

Technology node (nm) 350 250 180 130 90 65 45

Year 1995 1998 1999 2001 2004 2007 2008

Power (W) 14 23 25 61 84 104 146
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detailed construction necessary to scale down the device’s transistors as well as

additional interconnect layers to wire them together.

Growth in manufacturing and materials-related impacts over time has been

counteracted by shrinking die sizes, which allow more die to fit on each wafer.

Thus, use-phase power is the lone reason for increases in impacts per die. For all

technology generations, the use phase represents the largest proportion of energy-

related impacts per die among the life-cycle phases. The dominance of the use

phase has also increased over time, with use contributing about 51% of life-cycle

Fig. 7.4 Energy use per 300 mm wafer equivalent, by life-cycle stage, over seven technology

nodes [1]

Fig. 7.3 Energy use per die, per wafer, and per 1,000 MIPS by technology node [1]
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GWP consumption per die at the 350 nm node, and over 95% per die at the 45 nm

node. Despite the long distances that semiconductor wafers and chips are typically

shipped during production and prior to use GWP of transportation is almost

insignificant due to the small mass of the product.

The improvement of several production performance metrics has allowed

reductions in the manufacturing energy and GWP per chip. Line yield reflects

wasted processing used for process monitoring, testing, and wafer loss in the

form of damage or breakage. Although wafer damage has remained the same

over the years, at about 2%, the number of test or monitor wafers per finished

wafer has been reduced over the last decade, resulting in higher average line yields

[20, 45–47]. Although reduced feature sizes have made maintaining wafer yield

difficult, industry reports indicate that wafer yields for full-scale production have

not fallen with decreasing device dimensions. Mature wafer yield is assumed to be

75% for all technology nodes, based on ITRS reports [4, 35, 44].

The results of this study enable LCA practitioners to answer important questions

concerning the energy-related environmental impacts of computing with greater

certainty than ever before. The life-cycle impacts for energy and GWP of semicon-

ductor chips presented in this analysis are more complete, accurate, and transparent

than those of any previous study, and data are presented for chips spanning many

generations, from 1995 to 2010. Energy and GWP impacts for semiconductor logic

chips are clearly dominated by the use phase. Chip power demand and the GWP of

use-phase electricity are thus the variables with the largest influence over energy-

related life-cycle impacts. Production yield, die size, geographical location or

electrical energy supply of the plant, and the choice to abate PFCs are the most

important metrics and decisions to be made concerning energy and GWP impacts in

the production stage.

7.7 Conclusion

Semiconductor manufacturing, a manufacturing sector which supports growth in

many areas of the world economy, has been a major consumer of resources and

source of environmental impacts. The industry has made great strides to improve

efficiency of resource utilization (from energy to materials) motivated by both cost

savings and environmental, health, and safety considerations. Hence, it is almost a

“poster child” example of green manufacturing analysis and technology develop-

ment. This chapter has introduced the basics of semiconductor manufacturing and,

then, provided a detailed analysis of the energy and global warming impact of

manufacturing one typical semiconductor product, the CMOS chip. This chip,

ubiquitous in many consumer products today, offers an example of the benefits of

technology advances as well as the challenges. The life-cycle analysis of CMOS

fabrication and use (including materials processing through transportation and use

phases) illustrated the level of data detail required and demonstrated trends in

manufacturing over several technology nodes. This same approach, relating
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environmental impact in terms of GWP, resource consumption, or other measures,

is applicable to a wide variety of products. The LCA study presented in this chapter

highlights the importance of identifying of the proper functional unit in semicon-

ductor LCA, as impacts per die, per wafer, and per 1,000 MIPS may be applicable

in different contexts, but yield contrasting trends over time.

References

1. Boyd S (2009) Life-cycle assessment of semiconductors. Ph.D. thesis, University of

California, Berkeley, Mechanical Engineering

2. Boyd S (2011) Life-cycle assessment of semiconductors. Springer, New York

3. Zhang TW, Bates SW, Dornfeld DA (2007) Operational energy use of plasmonic imaging

lithography. Proceedings of the IEEE international symposium on electronics and environment

(ISEE), May 2007

4. ITRS (2008) Sematech. The international technology roadmap for semiconductors, 2007 edn.

Technical report

5. Filterair (2011) http://www.filterair.info/articles/article.cfm/ArticleID/6ECA4042-A748-400F-

8A2FC1798F6B337C/Page/1. Accessed 4 May 2011

6. N. Krishnan, S. Thurwachter, T. Francis, and P. Sheng (2000) The environmental value

systems (env-s) analysis: application to CMP effluent treatment options. Proceedings of the

Electrochemical Society (ECS) Conference on improving environmental performance of

wafer manufacturing processes. ECS

7. Krishnan N (2003) Design for environment (DfE) in semiconductor manufacturing. Ph.D.

thesis, Mechanical Engineering, University of California at Berkeley

8. Sherer J (2005) J.Michael Sherer, Semiconductor industry: wafer fab exhaust management, CRC

Press, Boca Raton, Florida

9. WSC (2010) Joint Statement of the 14th Meeting of theWorld Semiconductor Council (WSC),

WSC, May 27, 2010, Seoul, South Korea

10. Prather MJ, Hsu J (2008) NF3, the greenhouse gas missing from Kyoto. Geophys Res Lett 35:

L12810

11. Hoag H (2008) The missing greenhouse gas. Nat Rep Clim Change. doi:10.1038

12. Energy Star (2011) http://www.energystar.gov/. Accessed 2 May 2011

13. Alliance to Save Energy (2007) PC energy report 2007, United States. Unpublished report.

available online: http://www.climatesaverscomputing.org/docs/Energy_Report_US.pdf

14. Sustainability Consortium (2011) http://www.sustainabilityconsortium.org/electronics/.

Accessed 2 May 2011

15. Toffel MW, Horvath A (2004) Environmental implications of wireless technologies: news

delivery and business meetings. Environ Sci Technol 38(11):2961–2970

16. Kim J, Xu M, Kahhat R, Allenby B, Williams E (2009) Designing and assessing a sustainable

networked delivery (SND) system: hybrid business-to-consumer book delivery case study.

Environ Sci Technol 43(1):181–187

17. Rosenblum J, Horvath A, Hendrickson C (2000) Environmental implications of service

industries. Environ Sci Technol 34(22):4669–4676

18. EPA (2007) EPA report to congress on server and data center energy efficiency. Technical

report, U.S. Environmental Protection Agency

19. Carnegie-Mellon (2009) Carnegie Mellon University Green Design Institute. Economic

Input–output life cycle assessment (EIO-LCA), US 1997 industry benchmark model,

economic input–output life cycle assessment (EIO-LCA), US 1997 Industry Benchmark

model. http://www.eiolca.net. Accessed 15 May 2009

176 S. Boyd and D. Dornfeld

http://www.filterair.info/articles/article.cfm/ArticleID/6ECA4042-A748-400F-8A2FC1798F6B337C/Page/1
http://www.filterair.info/articles/article.cfm/ArticleID/6ECA4042-A748-400F-8A2FC1798F6B337C/Page/1
http://dx.doi.org/10.1038
http://www.energystar.gov/
http://www.climatesaverscomputing.org/docs/Energy_Report_US.pdf
http://www.sustainabilityconsortium.org/electronics/
http://www.eiolca.net


20. Watanabe A, Kobayashi T, Egi T, Yoshida T (1999) Continuous and independent monitor

wafer reduction in DRAM fab. In IEEE International symposium on semiconductor

manufacturing conference proceedings, IEEE, pp 303–306

21. Williams ED, Ayres RU, Heller M (2002) The 1.7 kilogram microchip: energy and material

use in the production of semiconductor devices. Environ Sci Technol 36(24):5504–5510

22. Plepys A (2004) The environmental impacts of electronics: going beyond the walls of

semiconductor fabs. Proceedings of the IEEE international symposium on electronics and

the environment, IEEE, pp 159–165

23. Krishnan N, Williams E, Boyd S (2008a) Case studies in energy use to realize ultra-high

purities in semiconductor manufacturing. Proceedings of the IEEE international symposium

on electronics and the environment, IEEE

24. Kim S, Overcash M (2003) Energy in chemical manufacturing processes: gate-to-gate

information for life cycle assessment. J Chem Technol Biotechnol 78(8):995–1005

25. Phylipsen GJM, Alsema EA (1995) Environmental life-cycle assessment of multicrystalline

silicon solar cell modules (report no. 95057). Technical report, Department of Science,

Technology and Society, Utrecht University, The Netherlands

26. Stokes J, Horvath A (2006) Life cycle energy assessment of alternative water supply systems.

Int J Life Cycle Assess 11(5):335–343

27. Williams SM (2007) The Santa Clara Valley Water District Fiscal Year 2007–08 five-year

capital improvement program. Technical report, Santa Clara Valley Water District

28. PG&E (2008) Power content label. Available online: www.pge.com. Last accessed

December 2008

29. Pacca S, Horvath A (2002) Greenhouse gas emissions from building and operating electric

power plants in the Upper Colorado River Basin. Environ Sci Technol 36(14):3194–3200

30. Fthenakis V, Kim H (2007) Greenhouse-gas emissions from solar electric and nuclear power: a

life-cycle study. Energy Policy 35:2549–2557

31. EPA (2008) The emissions & generation resource integrated database for 2007 (eGrid2007)

Technical Support Document. U.S. Environmental Protection Agency, September 2008

32. Di X, Nie Z, Yuan B, Zuo T (2007) Life cycle inventory for electricity generation in China.

Int J Life Cycle Assess 12(4):217–224

33. Williams E (2004) Energy intensity of computer manufacturing: hybrid assessment combining

process and economic input–output methods. Environ Sci Technol 38(22):6166–6174

34. Census Bureau (2005) Statistics for industry groups and industries, annual survey of

manufacturers. U.S. Census Bureau, Washington, DC

35. Sematech (1999) The international technology roadmap for semiconductors: 2005, 2003, 2001

and 1999 editions. Technical report, 1999–2005

36. Hu SC, Chuah YK (2003) Power consumption of semiconductor fabs in Taiwan. Energy 28

(8):895–907

37. O’Halloran M (2002) Fab utility cost values for cost of ownership (CoO) calculations,

Technology Transfer #02034260A-TR, available on-line: www.sematech.org/docubase/

abstracts/4260atr.htm. Technical Report 02034260A-TR, International Sematech

38. Lawrence Berkeley National Laboratory (2001) High-tech Buildings - Market Transformation

Projects: A Final Report to CIEE/PG&E, Technical Report LBNL-49112, Berkeley,

California. Available online: http://ateam.lbl.gov/cleanroom/index.htm

39. Krishnan N, Boyd S, Somani A, Raoux S, Clark D, Dornfeld D (2008) A hybrid life cycle

inventory of nano-scale semiconductor manufacturing. Environ Sci Technol 42(8):3069–3075

40. IPCC (2007) PCC Climate change 2007: the physical science basis, contribution of working

group I to the fourth assessment report of the intergovernmental panel on climate change.

Cambridge University Press, Cambridge

41. Facanha C, Horvath A (2007) Evaluation of life cycle air emission factors of freight transpor-

tation. Environ Sci Technol 41(20):7138–7144

7 Semiconductor Manufacturing 177

http://www.pge.com
http://www.sematech.org/docubase/abstracts/4260atr.htm
http://www.sematech.org/docubase/abstracts/4260atr.htm
http://ateam.lbl.gov/cleanroom/index.htm


42. Cremer C, Eichhammer W, Friedewald M, Georgie P, Rieth-Hoerst S, Schlomann B, Zoche P,

Aebischer B, Huser A (2003) Energy consumption of information and communication tech-

nology in Germany up to 2010. Technical report

43. Roth KW, Goldstein F, Kleinman J (2002) Energy consumption by office and telecommu-

nications equipment in commercial buildings. volume i: energy consumption baseline, adl

72895–00. Technical report

44. ITRS (2007) Sematech. The international technology roadmap for semiconductors, 2007

edition. Technical report

45. Yung-Cheng JC, Cheng F (2005) Application development of virtual metrology in semicon-

ductor industry. Proceedings of the IEEE industrial electronics society conference. IEEE

46. Hsu J, Lo H, Pan C, Chen Y, Hsieh T (2004) Test wafer control system in 300 mm fab.

Semiconductor manufacturing technology workshop proceedings, IEEE, pp 33–36

47. Foster B, Meyersdor D, Padillo J, Brenner R (1998) Simulation of test wafer consumption in a

semiconductor facility. IEEE/SEMI advanced semiconductor manufacturing conference and

workshop, IEEE, pp 298–302

48. IPCC (2001) Good practice guidance and uncertainty management in national greenhouse gas

inventories. IPCC-TSU NGGIP, Japan

178 S. Boyd and D. Dornfeld


	7: Semiconductor Manufacturing
	7.1 Overview of Semiconductor Fabrication
	7.2 Microfabrication Processes
	7.2.1 Lithography
	7.2.2 Oxidation and Annealing
	7.2.3 Wet Cleans

	7.3 Facility Systems
	7.3.1 Resource Use
	7.3.2 Abatement

	7.4 Green Manufacturing in the Semiconductor Industry: Concepts and Challenges
	7.5 Use-Phase Issues with Semiconductors
	7.6 Example of Analysis of Semiconductor Manufacturing
	7.6.1 Introduction
	7.6.2 Methodology
	7.6.3 ``Upstream´´ Materials
	7.6.3.1 Chemicals
	7.6.3.2 Silicon
	7.6.3.3 Water
	7.6.3.4 Infrastructure and Equipment
	7.6.3.5 Electricity
	7.6.3.6 Semiconductor Manufacturing
	7.6.3.7 Transportation
	7.6.3.8 Use Phase

	7.6.4 Results and Discussion

	7.7 Conclusion
	References


