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Please note ...

Commercial equipment, materials or products are identified in this report to adequately describe the

proceedings of the December 1994 Electronic Materials Workshop. Such identification does not imply

recommendation or endorsement by the National Institute ofStandards and Technology, nor does it

imply that the equipment, materials orproducts are necessarily the best availablefor the purpose.
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FOREWORD

I am delighted to present this report, Beyond the Technology Roadmaps: An Assessment of Electroiiic

Materials Research & Development. It was prepared in recognition of the critical importance of

materials to the U.S. electronics industn,' and it pro\ades an assessment of electronic materials RSJD
issues and needs in the context of U.S. national competitiveness. It is my hope the information

contained in this report will catalyze additional interactions between the public and private sectors

in electronic materials and wall provide a focus for appropriate materials R&JD.

The report is the product of the Electronic Materials Working Group (EMWG), which was

organized to support the activities of both the Materials Technology (MatTech) and the Electronics

Subcommittees of the Committee on Civilian Industrial Technology (CCIT). The CCIT is one of

nine primary committees of the National Science and Technology Council (NSTC) that were

established to coordinate science and technology policies, and R<SdD strategies across the Federal

government in terms of broad national goals.

The EMWG membership consists of representatives from Federal departments and agencies

that support programs in electronics. They include the Department of Commerce Technology

Administration and National Institute of Standards and Technology, the Department of Defense

Advanced Research Projects Agency and Naval Research Laboratory, the Department of Energy,

the National Aeronautics and Space Administration, the National Science Foundation, and the

Office of Science and Technology Policy.

Most importantly, I wish to thank the men and women from industr}'^ and academia who
worked side-by-side with the EMWG and whose ideas and recommendations form the basis of this

report. In addition, I would like to acknowledge the outstanding leadership of Dr. Robert Leheny,

ARPA , chairman of the EMWG, and the hard work of all the EMWG members who helped bring

this project to fruition.

Lyle H. Schwartz

Chairman

Materials Technology Conamittee

Beyond the TechnologyRoadmaps: AnAssessmentof Electronic Materials Research & Development
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PREFACE

This report captures the findings of the December 6-7, 1994 industrs'-government-university

Workshop on Electronic Materials held in Dallas, TX that was planned by the MatTech Electronic

Materials Working Group (EMWG) (see Appendix B) in conjunction with U.S. industry. It

provides a siommary of the dominant electronic materials issues facing U.S. industry' and contains

recommendations critical to the advancement and competitiveness of the U.S. electronics and
materials industries.

Established to support the activities of MatTech and the Electronics Subcommittees of the

NSTC’s Civilian Industrial Technology Committee, the objectives of the EMWG are to:

• investigate methods to team industr}^ groups and government agencies to create a national

strategy for Federal investment in high leverage and/or critical materials and material

processing technologies to significantly enhance U.S. competitiveness in electronics and

supporting industries; and

• provide a forum, knowledge base, and recommendations for coordinating efforts of

appropriate government agencies.

The approach used to achieve these objectives are to:

• review recent industry and government reports focused on the current status and future

plans of various segments of the electronics industry;

• co-sponsor a workshop with the electronics industry, electronics support industries, and the

university research community to identify short and long term industry materials needs;

and
• assess the role that government programs can have in terms of support for critical industry

needs.

This report began in 1994 when the EMWG directed its focus on materials issues for five major

electronic technologies identified in the National Electronics Manufacturing Initiative (NEMI).

NEMI is a public-private partnership focused on leveraging limited resources in electronics

manufacturing for sustained national secijurity and economic growth. Initiated through the activities

of the NSTC Electronics Subcommittee and U.S. industry, the technical focus of NEMI is the

manufacturing of electronic information products that connect to information networks. The

performance capability of these information products is heavily dependent on the properties and

performance of the electronic materials from which they are built

The five technolo^es encompassed by the NEMI framework and this report are microelectron-

ics (VLSI), radio frequency (RE) and microwave electronics, photonics, mass storage, and module

interconnection. In addition, materials characterization and materials research, two areas essential

to the discovery, understanding and utilization of materials, are included. Each of these topics has

been the subject of several industry and/or government reports aimed at evaluating the current

status of the U.S. electronics industry' (Appendix C). Many also go so far as to include technolog}^

roadmaps that identify the time scale associated vdth industry’s future needs. The EMWG

Beyosd the TechnologyRoadmaps: AnAssessmentof Electronic Materials Research & Development
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reviewed these reports within the context of materials issues relative to the seven technology

categories listed above and felt that further effort was needed to develop a comprehensive

assessment of electronic material needs.

In October, 1994 the EMWG met with representatives of the various industry associations

responsible for generating these reports to plan an industry, government, university workshop to

review' and assess materials-specific issues critical to progress and competitiveness in electronics

(Appendix D). At that time, additional reports pertaining to electronic materials were recom-

mended by the industr}'^ representatives (Appendix E). With the aid of these organizations, a two

day Workshop on Electronic Materials was organized (Appendix F). In total, 42 industry, 18

University, 17 Government Laboratory and 8 Government agency representatives attended the

workshop (Appendix G).

During the workshop, individual presenters, knowledgeable about materials requirements for

each of the topical areas, presented a preliminary view of the important materials issues in an

opening plenary session. The workshop then broke into seven working committees for detailed

discussion of the topic areas. In these breakout committees a consensus was reached on critical

material issues and their relative priorities. The workshop reconvened on the second day for feed-

back on the results of the working committee discussions and for general discussion of the issues.

The presenters’ visual materials, materials generated and used during the feed-back session, and

recordings of the discussions that took place, formed the basis for this report.

In completing this report, the EMWG would like to thank the many people from industry and

academia who participated in the planning and execution of the December 1994 workshop, and

who contributed to the preparation of this report. Without their support, this activity could not

have been undertaken. With their support, a comprehensive review of electronic materials issues

now exists. Thank you.

Electronic Materials Working Group

Beyond the Technology Roadmaps: AnAssessmentof Electronic Materials Research & Development
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EXECUTIVE SUMMARY
Materials are the foundation of the —

electronics industrial enterprise.

Figure 1 illustrates the “Technolog}^ ~
Food Chain” which formed the basis for the

EMWG’s analysis of the role of materials in

supporting information age electronics. At the

beginning of this chain are basic

materials science and technology

and the starting materials used to

produce application specific materi-

als structures, for example bulk

crystals, epitaxial films, dielectric

materials, metals for contacts and

interconnects, etc.. These materi-

als structures are

processed into

devices for subse-

quent packaging

into subsystem modules. These modules

in turn are interconnected and assembled

into systems designed for specific applica-

tions that support the services which pro-

vide the revenues fueling the information

economy.

Module
Interconnect

Applications and
Services

Systems

Subsystem
Modules

M aterial Processing

and
Device Fabrication

Application Specific

M aterials Structure s

Development

Starting Materials

Basic :M aterials

Science and Technology

»> Big $ $

Figure 2: Technology Food Chain
An effective industrial/economic strategy

requires that no weak link exist in this food-

chain.

Findings

^ There is a continuing research challenge

across the microelectronics industry to

maintain the trend towards increased

materials complexity and reduced device

feature size.

Impro\dng the quality of starting materials

and increasing the dimensions and quality of

substrates on which devices are fabricated, or

mounted, are critical to all applications. Com-
petitive production of electronic devices and

modules requires cost effective methods for

maintaining control of local material composi-

tion and properties for films deposited over

large areas, and the processing of these films

while maintaining strict dimensional tolerances

relative to the smallest device feature size.

Beyond the Technology Roadmaps: AnAssessmentof Electronic Materials Research & Development
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To meet these challenges, research is

required for improving the quality of starting

materials, maintaining the required control of

material deposition and processing, and devel-

oping tools for characterizing and processing

materials wth ever greater precision.

The microelectronics research commu-
nity in the U.S. has undergone profound

changes in the last 5-10 years as major

industrial laboratories have reduced their

support for advanced research and limited

their efforts to solving more near term

problems.

This has resulted in an increasing reliance

on universities and Federal laboratories for

materials research and development. Weak-
ened in the process are the traditional linkages

that existed between research groups and

manufacturing centers.

The guidance that close coupling be-

tween researchers and manufacturers pro-

vided may in the future be largely provided

by industry wide technology road mapping
led by key industrial associations.

For this process to be successful, significant

effort will be required to define and quantify

the role of roadmapping in setting materials

research agendas and to ensure that govern-

ment support for unanticipated, revolutionary

breakthroughs remains available.

Recommendations

To support the continuing push to-

wards increased material complexity and
reduced device feature size, the U.S. gov-

ernment should work to create an environ-

ment that encourages electronics compa-
nies to increase their participation in elec-

tronic materials research and development.

This may be effected, for example, by

continuing to promote industry-led pre-com-

petitive research consortia, and by creating

centers of excellence in materials research,

materials processing, and materials character-

ization that require collaboration between

industry, universities, and Federal laboratories.

Long term goals should be focused on
structuring the traditional industry, univer-

sity, and Federal lab materials research

community to assure effective coordination

of research to meet the future needs of the

electronics industry.

To this end the Electronics Materials

Working Group recommends that a dialog

be^n on how research needs identified through

industry technology roadmapping can provide

guidance for future government research in-

vestments while ensuring that breakthrough

ideas are recognized and provided with ade-

quate support.

Beyond the Technology Roadmaps: AnAssessmentof Electronic Materials Research & Development
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Working Committee Summaries

Microelectronics (VLSI)

Critical microelectronics materials issues

and needs were identified in the National

Technology Roadmap for Semiconductors

(NTRS) ^ for VLSI development over the next

few generations. The materials requirements

identified are those that will allow the scaling

laws that govern CMOS design to enable

reduction in transistor dimensions down to

dimensions where the physics governing tran-

sistor action no longer are adequate (estimated

to be at gate lengths of —0.1 yu,m). This will

require continued developments in sub-mi-

crometer lithography and ancillary materials,

dielectric materials adequate for gate insulators

and on-chip memor)'', development of materials

for low power non-volatile semiconductor

memories, materials for advanced packa^ng,

dopant control to produce the shallow junc-

tions, and approaches to enhance power dissi-

pation (heat removal), such as SOI materials.

In parallel with these developments, continued

increases in wafer diameter are envisioned

generating a need for continued development

of processing equipment to handle these larger

wafers. Materials for high temperature elec-

tronics and other special applications, and the

means to process these materials, need to be

developed.

Photonics

A generic set of materials processing and

characterization technologies capable of meet-

ing requirements for the manufacture of

National Technology Roadmap for Semiconduc-

tors, Semiconductor Industry Association, 4300 Stevens

Creek Blvd., Suite 271, San Jose, CA 95129, phone:

(408) 246-2711.

photonic components was identified. The
diverse range photonic devices for advanced

applications, from telecommunications

(telecom) and data communications (datacom),

to sensors, imaging, displays, optical storage

and printers, each have unique materials and

materials processing requirements. This

includes InP, silica glass fiber and electro-

optic materials for telecom applications;

GaAs and other materials capable of short

wavelength (red to blue) emission; plastic fiber

and related materials for datacom and storage

applications; visible emitter materials, includ-

ing newly demonstrated GaN and polymers for

LEDs; and large area liquid crystal display and

other technologies for flat panel displays.

These technolo^es require continued improve-

ments in materials design, processing and

characterization to meet future market needs.

RE AND Microwave Electronics

RF and microwave electronic technologies

are positioned to contribute dramatically to the

exploding wireless communication markets. A
goal for this market segment to develop a

sufficiently large commercial RF-IC market to

sustain development of its own infrastructure.

RF and microwave electronics has historically

had its principal focus on meeting markets

defined by military systems requirements, has

relied on adapting silicon processing equipment

to the fabrication of GaAs based circuits, and

has continued development of GaAs material

structures for optimizing transistor perfor-

mance. With GaAs wafer dimensions one to

two generations behind silicon, there is concern

that adequate processing equipment will not be

available in the future. Further out, the intro-

duction of alternative materials offers the

potential for enhanced power dissipation and

low' noise performance for conv'entional appli-

Beyond the TechnologyRoadmaps: AnAssESSMEtTrof Electronic Materials Research & Development
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cations (InP), and improved high power, high

temperature performance (SiC or GaN). One
difficulty for sustained development of III-V

materials for RJF applications is the emergence

of silicon devices for lower frequency, v<5
GHz, IC applications. This has the effect of

splitting the market.

MASS Storage

To maintain and strengthen the U.S.

industry market position in mass storage,

continued development of lower cost, higher

density storage media for magnetic and optical

disc and tape storage is imperative. These

objectives reflect a recognition that there is still

significant potential for increasing storage

density based on improvement in materials.

However, there are significant challenges in

design of media and media access technologies

to facilitate exploitation of the high resolution

that these memory densities represent. Future

technologies, based on short wavelength lasers

for optical disc, integrated head designs for fast

access, and large area semiconductor (FLASH)

memory, must also be investigated. Advanced

optical technologies are recognized as poten-

tially significant means for achieving high

density mass storage, but are not mature

enough to meet short term needs.

Module Interconnection

Electrical interconnection at the module

level requires enhanced system performance

that can match chip level performance. The
critical challenge is to maintain strict perfor-

mance control, such as dimensional stability,

over large areas. Even greater requirements for

performance control exist for interconnection

in optical systems. The immediate objective of

the U.S. industry is to recapture significant

lost market share by aggressively meeting

price, reliability, portability and performance

requirements of the world market place. Criti-

cal materials challenges include developing low

dielectric constant materials for high frequency

applications, dimensionally stable polymer

structures, moisture resistant resins, conductive

adhesives, photoimageable dielectrics and

photoresist materials, and polymer underfills

and solders for long term reliability.

Materials Characterization

Characterization of electronic/photonic

materials requires further development of high-

quality, low-cost, reliable, instrumentation, to

assess critical attributes of the materials used to

fabricate products at all stages. Developmental

endeavors place the greatest demand on mate-

rials characterization. For low volume produc-

tion, process and products need to be continu-

ously monitored, preferably in real time by in

iztiffnethods. For high volume manufacturing,

the cost of characterization is typically great

enough that the objective is to fine tune pro-

cesses until continuous monitoring is not

necessary. Experience shows that measure-

ment tools developed as part of the materials

research process have evolved into standard

diagnostic tools over time. Today’s tech-

niques enable measurement of material struc-

tures on an atomic scale and major challenges

are the high cost of state-of-the-art tools, cost

of maintaining in-house capabilities, and the

corresponding critical expertise needed to

collect and interpret the data to provide quality

control over all materials used in electronic

device manufacturing.

Research Opportunities

Efforts are needed to continue to push the

frontiers of basic understanding of material

behavior, the physics and chemistry of materi-

als underlying electronic and photonic device

technologies, and the capability to design

material and device structures at the atomic or

molecular scale. The key challenge is how to

Beyond the TechnologyRoadmaps: AnAssessment of Electronic Materials Research & Development
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accomplish this given the full suite of sophisti-

cated tools required may extend beyond the

financial resources of any single institution,

private company, university or government

laborator}'. A possible alternative is develop-

ment of modeling and simulation tools that

accurately reflect physical phenomena and that

can reduce the cost of developing atomic scale

devices and fabrication capabilities. The

current trend of reduced levels of industry

support for in-house, long term research is

resulting in reduced focus within the remaining

research community. Significant restructuring

of the traditional relationship between private

industry, university and government laborato-

ries may be required to ensure the greatest

benefit from research investments.

Beyond the TechnologyRoadmaps: AnAssessmentof Electronic Materials Research & Development
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WORICING COMMITTEE REPORTS

Microelectronics

Introduction

The semiconductor electronics market is a

S lOOB a year world-wide market. Silicon-

based microelectronics (98% of this market)

has been the linchpin of the multi-trillion

dollar electronics industry in America. Revolu-

tionary advances in this technology have been

the en^ne driving the technological revolution

of the last 40 years leading to higher standards

of living and creating a bootstrap effect in

many other high technologies. As such, it has

been the subject of considerable study by

government and private sector organizations.

The Semiconductor Industry Association (SLA),

Semiconductor Equipment and Materials

International (SEMI) and SEMATECH all

have launched major studies and the SLA has

prepared a technical plan, or roadmap, the

National Technolog}^ Roadmap for Semicon-

ductors (NTRS), to guide development in this

field. While documents such as the NTRS
provide a technological focus for future activ-

ity, the mechanism for implementing these

plans is not spelled out in any detail. The
purpose of this working committee is to pro-

vide a framework for joint government / indus-

try support of materials R&D necessary to

retain national competitiveness in microelec-

tronics technologies. The world-wide semicon-

ductor materials industry today is approxi-

mately $15B, of which the U.S. market share is

just 8%.

The working committee reviewed the

specific areas of materials technology, discussed

these technologies in light of NTRS require-

ments, and evaluated the current development

plans for each technology.

PRESENTERAND DISCUSSION

SUMMARY

The working committee addressed what it

considered to be critical areas of silicon-based

materials technology. The areas discussed

coincided roughly with the NTRS technical

working groups (TWG). TWG summaries are

included below. The committee concluded

that the material topics listed below were all of

highest priority and needed to be addressed to

ensure national competitiveness in the future.

Silicon

The critical issue for silicon is one of sup-

ply and quality assurance. For large diameter

wafers (200-300 mm), high quality epitaxial

growth layer is a concern. The U.S. does not

have a significant U.S.-owned large wafer

supplier. Quality or the incoming supply of

wafers can not be assured even if epitaxial

growth is performed in-house or by a separate

stand-alone on-shore vendor. High quality

epitaxial material is needed because it has a

significant impact on yields and circuit perfor-

mance. The committee believes this is a short

or near term activity (about 3-6 years until the

start of manufacturing for 300 mm wafers).

The committee proposes work in this area with

a significant focus early in the process.

Silicon on Insulator (SOI)

The issue here is the availability of quality

materials at an affordable price w'-hen they are

needed by the industry. The benefits are

improved electrical isolation and a significant

improvement in circuit density, which would

lead to a substantial cost/density benefit.

These benefits can’t be realized until the

manufacturing quality, availability and price of

Beyond the TechnologyRoadmaps: AnAssessmentofElectronic Materials Research & Development
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SOI wafers is under control. The introduction

of this technolog)' would have a major impact

on power device technology as well. SOI also

has the opportunity to provide significantly

improved isolation for DRAMs among other

things. There are Japanese papers that de-

scribe the benefit of SOI for 256 Megabit

memories. SOI technology is expected to

become commercially significant in the 1996-

98 time period.

Interlayer Dielectric (ILD) Materials

The concern is that currently available

materials used as inter-layer dielectrics are

severely limiting circuit switching speed. This

ranks as very important for microprocessor ICs

and very fast access DRAMs of the future.

Materials issues are the need for a thin, low

dielectric material ( 1.5 ^ e ^ 3.0 is desirable)

that is free of pinholes and that has an accept-

able breakdown voltage. The material must

also be robust enough to support pattern

definition in a manufacturing environment and

exhibit process stability and compatibility with

new metal systems, such as copper, etc. The
material must also exhibit reproducible charac-

teristics and reliability issues such as adhesion,

and moisture absorption. These are near and

middle term needs (3-6 years, and 6-10 years).

High Dielectric Constant Materials

New materials are required for process

compatibility with existing technology. The

major benefit here is for on-chip capacitors

where high capacitance is needed, such as in

DRAM storage cells and non-volatile semicon-

ductor memories (NVSM). Also high dielectric

constant materials are needed for on-chip

power conditioning circuits. These are near and

middle term needs (3-6 years, and 6-10 years).

Photo Resists

Sensitive photo resist materials are needed

for deep UV, 248 nm and 193 nm light source

wavelengths. In the case of 248 nm source

wavelengths existing resists are not user

friendly. Resists optimized and usable in a

manufacturing emdronmen t for 193 nm source

lithography do not exist at the present time

and must also be developed. Resists that are

suitable for mask making applications at 0.25

micrometer and 0.18 micrometer that are e-

beam writable need to be developed. The key

properties needed are high sensitivity to elec-

trons and stability over very long writing times.

In summarv', 248 nm resists are marginal at

present and 193 nm resist are not available.

These materials limitations are impeding the

manufacturing capability of 0.25 - 0.18 mi-

crometer feature size ICs. The concept of

creating a U.S.. Center of Competency for

Resist Materials was discussed. It could be

resident at a government laboratory or a uni-

versity. It would serve to support the user

community over a long period of time and

would develop and build a set of skills and

tools to do the research for these materials

ensuring their availability when needed.

Masks
Availability and quality are the key present

issues. Materials development issues are in the

characteristics of fused quartz and pellicles.

For 248 nm lithography, the issue is availabil-

ity of suitable mask blanks including both

source of quartz and polishing (no U.S. sources

are currently available). For 193 nm, optical

damage to the optics and mask by the source is

the primary issue. The pellicle materials in

both cases require quality and durability. A 3-

6, and 6-10 year development phase is needed

for 0.18 micrometer, and 0.25 micrometer

manufacturing and volume development,

respectively (and 0.12 micrometer to follow).

Thin Gate Oxides

Extensive R&D is needed to produce high

uniformity and low' defect density high break-

down voltage films with scaled performance as

feature size dimensions shrink from 0.25 to

0.12 micrometer. This applies to both film

yield and reliability. In the areas of gate insu-

lators and storage insulators, the issue is to

avoid oxide tunneling for applications involving
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conventional gate insulators and

interpolysilicon dielectrics while enhancing

tunneling in both the "floating gate" and

silicon-oxide-nitride-oxide-silicon (SONOS)
t)'pe NVSMs. This is an area of materials

development in which advances are needed

over the long term. The panel believes there

are some materials in the short term that could

be brought into a manufacturing environment.

But, in general, this technology area needs a

concerted long term research activity and a

manufacturing exploitation.

Contact Resistance and Shallow Junctions

for Contact Materials

Electrical performance and yield are the

primary issues for these materials. This is a

continuing area of development.

Interconnect Materials

High electrical conductivity and high

reliability metals are critical needs for on-chip

interconnects. Interconnect electrical perfor-

mance, reliability and yield are the primary

issues. This is also a continuing area of devel-

opment. The committee had a long debate

about interconnect metals. Alternative metal

systems, such as copper technology, are being

evaluated for use in the near future. However,

various additional alloys should continue to be

investigated for the long term.

Packaging

The committee addressed packaging princi-

pally from the point of view of microprocessor

needs, i.e. low cost, high pin count, and high

thermal conductivity requirements. A “smart”

padcage is needed that can allocate power and

provide variable interconnect density. Again,

middle term and near term activities are essen-

tial. There is a fair amount of R&JD taking

place on plastic package materials, but little or

no work going on from a ceramic perspective,

either for single or multiple chip packaging.

Breakthrough materials, i.e., innovative

materials that would create a paradigm shift in

the semiconductor integrated circuit industry

were discussed. Examples of such materials

include Si/Ge for high speed/power densities;

wde bandgap semiconductors for high temper-

ature electronics and optoelectronics (i.e. SiC

and GaN); and micro-electromechanical

(MEMS) systems for novel material properties.

None of these items are envisioned in the

NTRS. This is, perhaps, a significant omission.

The concern is that it is easy to identify incre-

mental extensions in the materials of today

that are needed for improved performance or

manufacturing yields. It is very important that

a fraction of the research focus on materials

research be maintained that could create an

entirely new approach to electronic compo-

nents. However, the issue of paradigm shifts

and the impact of these shifts on the technol-

ogy base could not be fully discussed within

the limited time of this workshop. So, for

example, the potential for the optics-to-x-ray

lithography shift was not discussed, nor were

the attendant materials needs for this technol-

ogy. This should be taken up at a later date.

Specific Issues

No amount of advanced research will truly

benefit the U.S. electronics industry infrastruc-

ture without revitalization of the associated

domestic materials manufacturing base. Even

though the U.S. accounts for 8% of the world-

wide semiconductor materials market, overall

investment costs for entry plus low profit

margins, create barriers to domestic infrastruc-

ture growth.

There is a recognized need for a coordi-

nated plan for government and industry

support in the general areas of semiconductor

material and equipment development,

something akin to MITI programs in Japan and

ESPRIT and JESSI programs in Europe.

Existing roadmaps, in particular the NTRS,
delineate (with some possibly significant omis-
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sions) the industry-desired material develop-

ment path for silicon-based de^dces. One
possibly significant omission from the NTRS is

treatment of Si;Ge RSdD for high-speed

heterojunction transistors.

The industry, as represented bv

SEMATECH, focuses on short-to-mid term

needs and enhancements. In contrast,

industrial R&JD investment drops significantly

as the time horizon moves further beyond the

current IC generation.

Important materials issues confront low-

power, low-voltage NVSMs if they are to

achieve cost competitiveness wdth magnetic

disk systems. These products will have wide

application in portable military and consumer

product markets. Achieving the so-called

"semiconductor memory disk" will enable

breakthrough reductions in size, weight, power

dissipation, speed, reliability, and latency time

in future microelectronics products.

ics infrastructure is viewed as a defense-critical

need.

Along with this request is an obserx^ation

that the form of this coordination requires

considerable definition. Studies of the most

successful infrastructure suppliers, both foreign

and domestic, are necessary. Government /

industry coordinators must assist in assessing

and transmitting the most successful tech-

niques to the U.S. manufacturing community

at large.

SEMATECH should maintain its focus on

the near-term needs of the industry. ARPA
should maintain a long-term focus on research.

A new' relationship between U.S. government

agencies and the domestic industry may be

needed for global competitiveness.

Summary

The major outcome of the working commit-

tee’s effort is that a request be disseminated to

appropriate government and industry manage-

ment organizations. The request is to recognize

that, on the international scene, all major

foreign semiconductor materials manufacturers

can count on some coordinated government /

industry effort in infrastructure support. The

need for U.S. infrastructure support extends

beyond considerations of “industrial policy”

and government’s picking winners and losers.

It is a simple fact that the Nation’s infrastruc-

ture requires a significant level of support if the

U.S. is to succeed in world market competition.

The U.S. has already lost control of most

segments of the supply chain for materials

essential for global leadership in electronics.

New' mechanisms and policies must be devel-

oped to support and stimulate domestic materi-

als suppliers. The maintenance of our electron-
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Photonics

INTTIODUCTION

Photonic technologies impact a broad

range of information age applications spanning

from electronic information collection, trans-

mission, storage, display and hard copy

reproduction. For many of these applications

photonics is an enabling technology in the

sense that the application would not be possi-

ble without photonic components. The Opto-

electronic Industry Development Association

(OIDA) has estimated that the markets for

equipment enabled by optoelectronics are as

large as $50B today and will grow to over

S400B over the next twenty years. In 1994

OIDA published a roadmap outlining the

technology developments required to achieve

this growth.

The photonic materials requirements to

meet these various applications are ver)'-

broadly based; semiconductor materials that

efficiently generate, detect, or guide light,

electro-optic materials capable of modulation

or deflection of light under the influence of

applied electric fields, composites of glass or

polymers forming optical fiber cables and

waveguides, liquid crystals for displays and

spatial light modulators, magneto-optic materi-

als for optical discs, and so on. Specific mate-

rial parameters important for photonic applica-

tions include bandgap energy, index of refrac-

tion and index dispersion, optical absorption,

minority carrier lifetime and defects that influ-

ence lifetime or trapping of charge, etc. Which

set of parameters are important to optimize for

a given application is to a large extent deter-

mined by the application.

In addition, for each application there is an

ideal region of the photon spectrum: near

infrared light to match the low transmission

loss spectra of silica fiber for telecommunica-

tions or night vision; shorter wavelength light

to match photonic devices with silicon elec-

tronics and the loss spectra of plastic fibers for

interconnections in data communication sys-

tems; light spanning the visible portion of the

spectrum for optimum interfacing to human
vision; and even shorter wavelength light to

minimize spot size for optical data storage and

to maximize photon energy for photo-initiated

chemical processes.

PresenterAND DISCUSSION

Summary

The ability to manufacture photonic com-

ponents at low cost is the central challenge

facing this industry. Typically, photonic com-

ponents have to be affordable whether they are

manufactured in large or modest volumes and

therefore flexible manufacturing tools are

required. As wide as the range of materials

important to photonic applications is, there are

significant generic issues that can be identified.

• Epitaxial growth technology based on
molecular beam epitaxy or chemical

vapor deposition to deliver specific

material structures. Here, the critical

issues are high quality starting materials,

fundamental understanding of interfacial

chemical and physical processes, in situ

processing to reduce wafer handling in the

fabrication of complex devices, and in-

process measurement techniques to ensure

reproducibility even on an atomic scale.

• The availability of commercial sources

of epitaxial material to supplement or

replace the need for expensive in-house

capabilities. Here, the issues are to iden-

tify material structures generic enough to

support merchant epitaxy support while
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maintaining sufficient flexibility to allow

the deliven'^ of small lots of specialized

structures.

• Development of effective low resistance

electrical contacts and development of

effective electrical, optical and environ-

mental passivation technologies.

• Manufacture methods to efficiently

produce integrated material structures,

either through monolithic integration

or hybrid integration of separately

prepared structures.

• Technologies for assembly of compo-
nents with optical precision into pack-

aged sub-modules capable of presenting

common interfaces to systems designers

while meeting environmental require-

ments.

• Development of efficient, cost effective

manufacturing technologies for non-

semiconducting materials and devices

based on these materials, such as,

electro-optic oxides, optically active

polymers, magneto-optic materials,

large area liquid cirystals, etc..

There is significant similarity between the

processing needs of photonics and

microelectronics, and full advantage should be

taken to use these already developed processes

and equipment. However, a number of critical

general features distinguish photonics manufac-

turing from microelectronics. The three-di-

mensional aspect of optoelectronic devices is

per\'asive; the importance of the vertical di-

mension and direction sets optics apart from

planar configured microelectronics. A chal-

lenge is to develop accurate 3D models that

combine semiconductor charge transport with

electromagnetics while also incorporating

thermal effects.

In a similar way, electrical contact issues

for photonic devices can benefit from the

wealth of information developed for microelec-

tronics. However, the three-dimensional

nature of photonic circuits, the large number
of hetero-interfaces involved, and the diversity

of materials that typically comprise photonic

circuits combine to make achievement of

reliable contact technology a significant chal-

lenge.

Large area fabrication also introduces

unique requirements for photonics. Devices

such as displays, high resolution CCD’s, smart

pixel arrays and integrated photonic chips

incorporating interconnecting waveguides, all

exceed requirements for commonly manufac-

tured electronic chips in either linear or areal

dimensions by one or two orders of magnitude.

Large area fabrication also puts high demands

on materials uniformity.

For many photonics applications,

manufacturability is strongly tied to reproduc-

ible synthesis of highly complex materials

structures, e.g. multiple layer semiconductor

stacks that form mirror structures. Achieve-

ment of targeted layer thickness doesn’t always

ensure the desired optical output since typi-

cally both material composition and layer

thickness are important. Adequate, low-cost in

situ monitoring techniques must be developed

to allow monitoring of the desired optical or

electronic output of grown structures.

There is a wide diversity of materials used

in photonics technology, each with different

processing tolerance and requirements. Heter-

ogeneous integration processes that allow

reliable incorporation of diverse materials onto

a single chip are therefore important. Process

sequences must be developed that do not

require exceeding the temperature limitations

for maintaining the integrity of any of the

materials structures. For example, polymeric

materials incorporated at one point in device

processing may not be capable of standing up

to high temperatures or the presence of ener-
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getic radiation in subsequent processing steps.

Alternative techniques, such as epitajdal

lift-off, allow the integration of disparate mate-

rials into a single circuit but these technologies

put stringent demands on alignment capabili-

ties as device structures deposited on separate

substrates are integrated. Beyond the dimen-

sional control required of lithographic and

etching processes, which are clearly issues

shared with microelectronics manufacture,

photonic devices impose additional require-

ments in that small variations, or roughness in

delineated features, may cause unacceptable

changes in optical response or scattering losses.

Finally, the packing density of devices may be

low, but tight dimensional tolerances often

have to be maintained over long distances.

Photonics circuit manufacturability must

face not only the lack of high volume markets,

unlike much of microelectronics, but where di-

verse materials are integrated into single chips,

photonics technology may have to preclude

the economic advantages of continuous pro-

cessing.

The ability to manufacture photonic com-

ponents at low cost is critical to creating a

strong position for U.S. industry. An impor-

tant technology that could help lower manufac-

turing costs is the use of computer modeling to

accurately predict device operation and manu-

facturing processes. Computer Aided Design

(CAD) and Computer Aided Manufacturing

(CAM) models require significant investment

in developing the fundamental understanding

of the critical processes and will benefit from

data generated using in situ process monitors

and in-process testing. These models should be

able to incorporate the electronic, optical, and

structural properties of the diverse materials

that may comprise a photonic circuit. Fore-

armed with the insights gained by modeling,

more manufacturable circuits can be designed

thus helping to counter the disadvantages of

low volume production.

Summary

This working committee identified a num-

ber of critical materials issues for photonics

that need to be addressed.

Near Term
• Improved processes for precision epitaxy,

including atomic scale control of base

composition, doping, and defect-free inter-

faces.

• Development of vertical cavity surface

emitting lasers (VCSELs) to exploit their

relaxed alignment tolerances for coupling

to fibers, improved on-wafer testing capa-

bility, and ease of fabrication of arrays.

• Requirements on materials thickness and

composition of photonic devices are quite

stringent (although achievable),

emphasizing the importance of in situ

monitoring strategies.

• Investment in manufacturing tool develop-

ment (including software) that could lead

to lower cost of fabrication.

Long Term
• New materials investigations are needed.

These includes light emitting polymers,

optical epoxy, wide bandgap semiconduc-

tors with negative electron affinity (NEA),

and low voltage phosphors.
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RF AND Microwave Electronics

Introduction

The dominant material for RF and micro-

wave applications is gallium arsenide (GaAs).

Many of the challenges related to economical,

high-quality growth and processing of GaAs are

a direct consequence of it representing only

about 1% of the overall semiconductor market

w'’hich is dominated by silicon. The technology

needed to produce large GaAs wafers lags that

used for silicon by about ten years. Up to the

present time the industry has been driven by

militar)'^ applications. Considerable progress

has been made in the last several years in

establishing a methodology and infrastructure

for producing GaAs monolithic microwave

integrated circuits (MMICs) through DOD
programs, especially through the ARPA
MIMIC program. That program, by demon-

strating enormous improvements in cost and

performance for GaAs MMICs and related

packaged modules, has shown the feasibility

for widespread DOD use of phased arrays and

expendables if cost reduction momentum can

be maintained. However, the exploding wire-

less market has made commercial and military

applications comparable at present, but com-

mercial applications may completely dominate

the overall market in the near future. This

places substantial pressure to produce GaAs RF

and microwave devices in a cost-effective

manner.

Until recently, leading GaAs MMIC manu-

facturers have operated relatively independ-

ently. However, the industry has now orga-

nized under the Microwave Solid State Divi-

sion of the Industrial Electronics Group to

form a working group for discussion of issues

important to the industry. The group intends

to share data which will allow' it to assess the

size of the industrs' and its market potential so

that investments can be tailored accordingly.

Although GaAs dominates the RF / micro-

wave market, there is much interest and enthu-

siasm for next-generation materials such as

indium phosphide (InP), wide bandgap nitrides

(GaN, AIN) and silicon carbide. These truly

represent a microcosm of a microcosm so there

are significant barriers inhibiting their market

penetration. Other materials needed but often

overlooked for these applications are those

critical for passive components such as

inductors and capacitors (for lumped-element

devices and energy storage) as well as circula-

tors and filters. Efforts are needed to drive

down their cost and size and to enhance their

reliability. Finally, packaging is a major and

often overriding affordability issue. High

volume commercial approaches are needed but

need to accommodate the special thermal and

performance constraints imposed by RF /

microwave applications.

In summary, the industry is now in transi-

tion from being dominated by high perfor-

mance, low-volume DOD applications to high-

volume, "good-enough" performance commer-

dal applications. The following sections detail

dominant problems which need to be ad-

dressed to successfully make this transition

while retaining the performance edge needed in

DOD systems.

PresenterAND discussion

Summary

Cost reduction for GaAs MMICs is inhib-

ited by continued high costs of GaAs substrates

and of epitaxial layers grown on those sub-

strates. This is compounded further by the

move toward the use of larger percentages of

w'afers with epitaxial layers, which more than

doubles the starting wafer cost. Development

efforts to reduce substrate and epitaxial layer
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cost and to push toward larger diameter must

continue to support international competitive-

ness of U.S. GaAs industry and continued

availability for DOD systems.

One of the most significant factors inhibit-

ing cost reduction of GaAs devices is the limita-

tion in wafer size. Not only would larger wafer

size lower die and IC cost directly, but it would

permit use of more automatic silicon IC pro-

cessing and lead to higher yields. In addition

to lower cost, more reproducible materials will

broaden their market. Currently suppliers are

making the transition from 76 mm to 100 mm
diameter wafers and attempts to achieve a 150

mm diameter are currently underway. Disloca-

tion density increases with increasing size, and

utilization of current growth techniques may
not be possible beyond 150 mm. This of

course would limit the GaAs industry's ability

in following the silicon path of reducing cost by

increasing wafer size.

Epitaxial layers, e.g. IiiAs and AlGaAs, on

GaAs substrates are commonly used to en-

hance RF / microwave performance. Similar

materials problems exist as alluded to above for

GaAs substrates but the problem in the U.S. is

compounded by the limited number of domes-

tic suppliers of epitaxial material.

A related problem exists with equipment

vendors, i.e. no eqmpment vendors specifically

address the GaAs market and thus silicon IC

equipment must be employed. As the silicon

industry moves to 200 mm diameters and

beyond, it will have little interest in making

"small" 100 rrun wafer handling equipment.

As noted above, other materials are being

actively pursued at the RSdD level for en-

hanced performance. InP is attractive for its

superior low-noise and power capabilities at

millimeter wavelengths. SiC is being investi-

gated for high temperature, high power applica-

tions at low microwave frequencies. The wide

bandgap nitride material system promises

performance beyond silicon carbide in fre-

quenc}^ power and power-added efficiency in

addition to being more robust and radiation

hard than GaAs. Because of their long range

device impact, a continuing investment in this

technologies essential. Wise choices will have

to be made, however, regarding the appropriate

time to take these advanced devices to the next

step - the expensive step toward moving them

into production. One of the factors that could

well enhance this transition to production is

the overlap in material needs with other types

of applications. InP is an excellent example of

such a material with strong interest by both the

photonic and RF / microwave communities. A
similar synergy exists with the wide-bandgap

materials for optical and power applications as

well as for microwave/RF applications.

Cost and size of passive components for RF
/microwave applications is becoming a greater

concern as the size and cost of active compo-

nents shrink. For example, the filter is cur-

rently the largest and most expensive compo-

nent in the cellular telephone. Circulators can

consume a quarter of the total area in a TR
module. Advanced material systems, innova-

tive topologies and low cost production tech-

niques are all required. For example, use of

lumped elements (microwave capacitors and

inductors) can significantly reduce size and

cost. Ferrite circulators which do not require

external magnets would reap similar benefits.

Materials which would lead to higher density

energy storage, both on-chip and off-chip, are

also needed. This would reduce package size

and cost. Finally, passive components, espe-

cially for energy storage, often limit the overall

reliability of subassemblies and this factor must

be of concern in developing new approaches.

Packaging of RF / microwave devices can

pose some formidable challenges. Packages a

little more than an 25.4 mm square often must

dissipate 20-30 watts of power making thermal

management a major issue. Very low-cost is

required in commercial wireless markets, which
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suggests the use of organic materials. Loss,

thermal management, and hermeticity are

especially difficult to address in packages

constructed using these materials. A low

dielectric constant is also desirable to achieve

efficient high-power amplifier power. In cer-

tain types of applications, e.g. active arrays, it

is necessarv to insert and remove packages

from an assembly. Although DOD programs

presently are addressing some of these issues,

low-cost packaging for high volume DOD and

commercial applications is still one of the most

significant issues facing the industry.

The U.S. industry has established a rich

array of sophisticated RF / microwave technolo-

gies, and it is particularly important to support

that base by selling to the widest possible

market. Government regulations can be an

impediment to the export process; streamlining

export regulations could facilitate dual use of

military-critical process lines. The U.S. is the

world leader in GaAs MMIC technolog}'^ and

should use this advantage exporting abroad.

Specific Issues

Near Term
• The small size of tFie RF / microwave

industry causes difficulties in maintain-

ing the technology base needed. Syn-

ergy in approach to serve the military and

commercial markets is important in main-

taining economy of scale. However, gov-

ernment regulations often tend to inhibit

export and other types of dual use.

• The rate of GaAs MMIC/digital devel-

opment is limited by wafer size, wafer

differences among vendors, epitaxial

material cost and growth methods for

152 mm and larger wafers.

• Full realization of chip performance

potential is limited by package inter-

connects and thermal resistance.

Mid Term
• The rate of component development for

advanced military systems is limited by

the availability of next generation ma-
terials, e.g. wide bandgap nitrides, InP,

SiC.

• The cost of microwave assemblies is

often driven by the size, uniformity and
performance of passive components,

e.g. inductors, capacitors, filters and

circulators.

Synergies

Improvements in cost, size, and weight and

reliability are key factors in expanding market-

place acceptance of GaAs MMIC based sub-

assemblies. Limited availability of advanced

material systems and processes will limit com-

ponent development.

Summary

Many of the problems facing the RF /

microw'ave materials industry are a direct result

of it being small in size relative to the sophisti-

cated technologies it employs. Key suppliers

tend to be small producers and often not

reliable, especially for advanced materials. The

GaAs industry is critically dependent on tai-

lored silicon-oriented wafer fabrication equip-

ment. Historically RF / microwave develop-

ment has been funded by the DOD because of

its military critical nature. The small size of

the military market does not support an aero-

space company, for example, to establish a

dedicated capability for internal use only. The

health of the industry is increasingly depend-

ent on synergtzing DOD oriented approaches

with those which have potentially large payoff

in the commercial communications industry.

Government funding to support cost reduction

in GaAs wafers and epitaxial deposition, next-
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generation semiconductor materials, passive

components, and low-cost packaging materials

is needed by industry for continued evolution

of the RF / microwave technolog)^ base required

for militars^ critical applications. This ap-

proach is synergistic with a sustained world-

wide U.S. RF / microwave industr}''.
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Mass Storage

Introduction

Materials needs in the mass storage area

are driven by seemingly insatiable market

demands for increased information storage

capacity and reduced storage cost. For exam-

ple, current industr)'^ targets call for a 60% per

year compound annual growth rate in magnetic

storage densities through the end of the cen-

tury. Similarly, optical storage densities are

targeted to increase 20 times by the year 2000.

Speaking in 1991, then Undersecretary of

Commerce for Technology, Robert White,

explained the importance and criticality of

increasing mass storage capacities.

“Storage technology is a limiting factor in the appli-

cation of other information technologies. Develop-

mejit cfhigh-performance computing applications are

dependent upon vast storage capabilities (for

example).... archiving and managing the data col-

lectedfrom satellites are overwhelming existing storage

facilities. Midti-media work stations, which are

airrendy being developed, will store and process text,

images and voice and will require significantly larger

secondary storage systems than are airrently

available.
”

Today, a number of additional high-perfor-

mance computing and storage intensive appli-

cations can be added to this list including;

windows based software programs, home video

on demand and all-digital high density televi-

sion.

Developing the technology to address the

needs of these emerging applications is impor-

tant to the U.S. from both economic competi-

tiveness and national security perspectives.

The storage industry currently generates world-

wide revenues of $100B and U.S. companies

supply 40% of this market. Storage industry

sales are projected to increase at a 25% per

year compounded annual growth rate, reaching

S1,000B by the year 2005. Such growth will

create a significant number of high quality jobs

and a level of technical capability which will

dramatically enhance the performance of

civilian and military information systems.

Today, the U.S. has the technology lead in

many mass storage materials. The following

recommendations should help maintain this

vital lead.

Approach to Developing
Recommendations

The National Storage Industry Consortium

(NSIC) was formed to enhance the competi-

tiveness of the U.S. storage industry. Over a

three vear period, NSIC brought together over

80 organizations for the purposes of defining

strategic performance targets or roadmaps for

mass storage technologies and establishing

joint, pre-competitive research activities. The

Optoelectronics Industry Development Associ-

ation (OIDA), through a similar process of

industry involvement, also developed a

roadmap for future mass storage requirements.

Starting with these two documented visions of

future mass storage requirements, the working

committee identified those requirements which

depend on materials or materials processing

research and developed a consensus regarding

investment priorities for these research activi-

ties. Several non-technical recommendations

were also developed. A materials related

roadmap is included at the end of this section.

The NSIC and OIDA roadmaps should be

referred to for a more detailed re\'iew of indus-

try requirements.
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Specific Recommendations - ^

Magnetic and Optical Storage Media
Media materials, including the recording

substrate, are critically important to achieving

high areal recording densities (1.55

Gbytes/cm'). Generally, base materials must

have low temperature and humidity coeffi-

cients for dimensional and environmental

stability.

Today's recording tapes use a polyester

substrate which is available at low cost because

of its high volume, non-recording applications.

Promising materials for mass storage applica-

tion are unlikelv to become available at low
j

cost unless additional, higher volume uses of

the material are also developed.

As areal recording densities increase, each

recorded bit becomes smaller, requiring in-

creased coercivity to retain magnetization. In

addition, the particle size must be reduced to

reduce media noise. New small -particle mag-

netic media materials and corresponding coat-

ing technologies are needed. Japanese leading-

edge technology in this area is demonstrated in

^ Specific material requirements - what,

why, and when - are detailed in the

accompanying Materials Roadmaps (Tables

1-4, pages 20-22).

There was some concern that optical

issues expressed in Table 4 concentrated on

the high performance side of optical storage.

In addition, there is a drive to low

performance, low cost optical storage. The
issues here concern high capacity substrates.

For instance, there is a need for high capacity

for video storage even before the full

development of blue lasers. There is also a

need for phase change erasable CD materials.

The media creates the primary materials

issues in this market segment, and issues

center fundamentally on cost and volume.

Fuji's very thin, low noise, "dual layer" coating.

In optical storage, both write-once-read-many

(WORM) and erasable recording materials

with high sensitivity in the blue spectral region

are needed to operate with future optical

recorders which achieve higher recording

densities by use of shorter-wavelength sources.

Magiietic Heads
In the future, most magnetic heads mil be

made by thin-film fabrication techniques and

will employ new, principally giant

magnetoresistance (GMR), active materials.

GMR materials act as sensitive reading devices

by changing resistance in the presence of the

very small magnetic field variations recorded

on the magnetic media. Beyond GMR a class

of materials called colossal magnetoresistance

materials (CMR) may provide even higher

sensitivities. CMR materials are

semiconductor-like oxide films.

Magnetic Head-Media Interface

The head-media interface is a critical area

requiring its own special materials and coat-

ings. Lubricants, frictional polymers, new head

designs, sliders and dimensionally stable mate-

rials will become increasingly important as

head-media spacing is reduced for higher data

density and data rates. Future requirements

may require contact recording or zero spacing.

Advanced Storage Technologies

Flash memory performance will be paced

by advances in semiconductor capabilities.

The consensus is that flash memories "will not

impact mass storage applications in the time

frame within the scope of this report. Flash

memory is addressed in more detail in the

Microelectronics report.

Three dimensional (3D), holographic, and

2-photon memories have the potential for

providing huge storage densities. The consen-

sus of industry participants however, was that

these technolo^es will not significantly impact

mass storage products during the next decade
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which is the time-frame of this workshop. 2. 3D. Holographic and 2-photon memories

MATERIALS Outline Non-technical Recommendations

In considering materials related mass

storage research needs and in developing

recommendations, the breakout session utilized

the following outline;

Recording Media for Higher Density Re-

cording

1. Substrate

Tape (optical and magnetic)

Smooth

Thin/high modulus

Stable temperature and humidity coefficients

Optical Disk

Molding resins

2. Coatings

Magnetic Tape

Nanoparticle, thin coatings

High He and

Environmentally stable

Optical

Shorter wavelength media

Phase change and magneto-optic materials

Recording Heads for Higher Density Re-

cording and High Data Rates

1. Optical

Shorter wavelength sources

Multidiode arrays (for higher data rates)

Phase change and magneto-optic materials for

erasable CD's

2. Magnetic Disk and Tape

Mr, GMR heads: improved sensitivity for

reading smaller bits

High Ms materials for write heads

Low wear materials

Multichannel methods for increased data rates

High frequency pole materials, such as lami-

nated structures

Advanced Storage Technologies

I. Flash memory'

Funding

Promising advances in magnetic storage

technologv'- appear to offer short-term opportu-

nities for orders of magnitude improvement in

storage density. Optical storage is now growing

at a fairly rapid pace; however, funding of

optical recording research and development in

this country is below the "critical" level re-

quired to achieve important progress. Holo-

graphic and other advanced storage technolo-

gies hold promise for increasing storage densi-

ties by orders of magnitude. Industrial partici-

pants generally felt this would occur in ten to

fifteen years. This assessment leads to the

conclusion that magnetic storage will remain

the high capacity work horse of the industry

for the next five to ten years. Consequently,

the recommendation is made that, while re-

search investments should fund the full spec-

trum of memory technologies, the bulk of the

funding should be directed at established, low

risk technologies (magnetic and optical) with

the remainder going to advanced, higher risk

technologies including holographic and 2-

photon. A funding split of 60% magnetic, 30%
optical and 10% advanced technology is sug-

gested.

Policy

Because of the high costs of developing

new mass storage substrate materials, the

working committee strongly recommends that

pre-competitive, magnetic and optical research

be leveraged by use of industry consortia and

alliances such as the NSIC and the National

Media Lab (NML). In addition, alliances and

consortia offer a greater chance of commercial

success for new technolog}'^ by virtue of their

broader knowledge and skill base when com-

pared to an individual organization. The

observation was also made that, for similar

reasons, university "Centers of Excellence"

appear more efficient in converting research
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dollars into materials advances than individual

academic institutions.

Infrastructure

Manufacturing processes for new materials

are as important to commercial success as the

materials themselves. Such process research

must be supported along with materials re-

Materials Roadmaps

search. New materials which are compatible

with existing manufacturing processes have a

decided edge in achieving commercial success

over those requiring new production tech-

niques. FeN films were cited as an example of

a promising new mass storage material requir-

ing manufacturing compatibility with current

processes for successful commercial adoption.

Table 1: Media Roadmap

WHAT EXAMPLE/ . ,

COMMENTS

Smooth media Improved SNR due to

reduced spacing

Substrate (thickness,

mechanical stability,

environmental stabihty)

Volumetric density, SNR
(tape). Narrow tracks,

multitrack recording, high

TPl

PEN, PET, Aramid, PBO

Grain size reduction (hard

disk and ME or sputtered

tape)

Improved SNR at high

densities

300 kFCl - Yr 1988

1000 kFCl - Yr 2005

Cr/CoCrX alloy.

High anisotropy alloys,

BaFe, ReCo/Fe alloys,

CoNi tape. Array of single

domain grains

Particle size reduction

(particulate tape)

Improved SNR at high

densities

.12 Tbyte/cm^ - Yr 2000

.6 Tbvte/cm^ - Yr 20 10

MP, BaFe

Metal particles coating Envirorunental stability

Wear resisting overcoats Durability of interface Carbon, Zirconia

High moment Mj^ High signal

(high density recording)

High Mj^t High signal for low t

(high density recording)

Thickness reduction

without change in M^t

High H(2 High density recording > 2000 Oe - Yr 1996

> 5000 Oe - Yr 2005

FeSnN

Media chemistry Long term stability,

archivabihty

Underline bold print indicates area of highest priority

Chart format courtesy of T. Jagielinski, Eastman Kodak Company, 3985-A Sorrento Valley Boulevard,

San Diego, CA 92121-1402.
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Table 2: Inductive Heads Roadmap

WHAT - , WHEN ‘EXAMPLE/
COMMENTS

High M. pole material Record on high He media,

allowing high FCI &. TPl

1 .55 Gbvtes/cm^ - Yr 2000

155 Gbvtes/cm^ - Yr 2010

FeXN/SiO^

FeXN (X = Al, Ta, Hf)

High frequency pole

material

High transfer rate

Write equalization

Multilayers

Substrate - wear Long hfe, Adjusted to pole

pieces, Differential wear

SiC, No differential wear

allowed

Insulators Wear resistant, long life,

zero differential wear,

reduced # of turns, higher

current

Gap area and overcoat

No differential wear

allowed

Materials to be patterned

by RIE

Simplified fabrication

process

Low cost

Ion milling expensive

Wear resisting overcoats Durability of interface Carbon, Zirconia

Metal Laminated (ML)

Materials

HDTV, advanced VCR

Underline bold print indicates area of highest priority
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Table 3: Magnetic Recording Heads Roadmap

^WHAT WHY VEXAMPLE-/
COMMENTS

GMR. CMR materials High signal, SNR at high

densities

1 .55 Gbytes/cm^ - Yr 2000
155 Gbytes/cm^ - Yr 2010

(NiFeCo/Cu) Multilayer,

NiFe/Cu/NiFe, Improve

sensitivity 30x by Yr

2010,

dR/R- 50-1400%

Substrate

- high wear thickness

- high thermal

conductivity

- Long life

- High Ij current

- Large output

1.55 Gbytes/cm^

15.5 Gbytes/cm^

SiC

No differential wear

allowed

Insulator material

- high wear thickness

- high thermal

conductivity

- Long life

- Improvement in output

(allowed MR head to

operate at high current

densities)

DLC
No differential wear

allowed

Domain pirming materials Single domain state

stabilization

NiMn, FeMn

Environmental stability Long life, domain

stabilization

Corrosion

Table 4: Optical Roadmap

WHAT WHY WHEN EXAMPLE/
COMMENTS

Short wavelength lasers

Blue

Higher recording densities Yr 1998

Yr 2005

430-500 nm
340-430 tun

Short wavelength media

(writable MO, phase

change, stability, organic,

inorganic)

High recording densities

(reliability, cost)

Yr 1998 TbFeCo
TbFeCo, phase change

High Kerr effect

Advanced 3D storage

holographic

High data ratio

Volumetric storage

Yr 2000 - 2005 possible

Yr2010 - 2015 likely

Detector short wavelength

Underline bold print indicates area of highest priority
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Module Interconnection

Introduction

Module Interconnection encompasses

above-chip level fabrication, packaging, inter-

connection and assembly. The module inter-

connection industry is composed of hundreds

of small, medium, and large businesses in-

volved in all phases of the process. The mod-

ule interconnection fabrication industry is over

$2 1 billion worldwide and $5.5 billion in the

U.S. The U.S. materials market that supports

this industry is $1.4 billion, 60% of which is

associated •with laminates and 40% -with con-

sumable chemicals. The module assembly

industrv in the U.S. is valued at $60 billion,

with the majority of materials costs coming

from semiconductor components and intercon-

nection products.

Historically, technical innovation and

evolution in module interconnection has taken

place -within the large, captive research and

manufacturing corporations. Today, however,

even these organizations are conducting less

R<SdD. Due to the predominance of small

businesses in this industry, the ability of these

companies to compete in the global market-

place is therefore challenged. The gro-wing

awareness that system performance that

matches chip level performance depends criti-

cally on interconnect technology has led to

major changes in the industry. First the Insti-

tute for Interconnecting and Packaging Elec-

tronic Circuits (IPC) has established a technol-

ogy roadmapping process to help steer future

research and development in the module

interconnection industry and to integrate new

technologies into the marketplace. Issued first

in 1993, then updated in June 1995, the IPC

and the module interconnection industry

issued a national technology roadmap that is

strongly linked to semiconductor trends and

customer needs. Second, through the leader-

ship of IPC, the Interconnection Technolog}'^

Research Institute (ITRI) was established in

June 1994 to provide a vehicle for collabora-

tion to enable revolutionar)^ innovation and

solutions to future requirements in module

interconnection through improvement of

existing technologies and development of

advanced technologies.

With the increase in Asian printed -wiring

board (PWB) production, the U.S. global

market share in electronic materials and mod-

ule interconnection has d-windled in recent

years. New materials exist, though prohibitive

costs and insufficient infrastructure often

prevent their -widespread adoption in the U.S.

Inertia towards change is a key element influ-

encing today's industry. Coordinated and

integrated innovation across all aspects of

module interconnection is required if timely

adoption of new materials, manufacture or

processes is to be realized. Overriding pres-

sures to reduce costs for -virtually all aspects of

the module interconnection enterprise, be it

materials, processes, fabrication, or assembly,

pervades the industry. For the U.S. module

interconnection industry to successfully com-

pete in the global microelectronics market, it

must build in a timely fashion the technical

competencies needed to fully manage the

technological innovations and requirements of

upstream suppliers while delivering the re-

quired system level characteristics at a cost

specified by OEM customers.

Drivers and Issues

Four primary forces are dri-ving materials

technology evolution and innovation in module

interconnection. They include price, reliabil-

ity, portability and performance. Table 5

(page 26) details these four forces and provides
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envisioned responses. Arising from these

forces and responses, seven priority technical

issues emerge which directly impact advanced

materials in module interconnection. The

specific needs associated with each technical

issue are detailed in Table 6 (page 27). These

issues are:

Low Dielectric Constant Materials for High
Frequency Applications

The high frequency' market is a growth

segment for the module interconnect industry.

Readily processable advanced materials using

existing equipment are needed to meet cost and

performance needs.

Dimensionally Stable Polymer Structures

Improved dimensional stability of polymer

resins and assembled multi-component struc-

tures allows for increased circuit density and

reduced manufacturing scrap, and is driven by

trends in component I/O density.

Moisture Resistant Resins

Moisture resistant resins reduce processing

costs, improve dimensional stability and mini-

mize variability in dielectric constant.

Conductive Adhesives

Major materials break throughs are needed

for anisotropic conductive adhesives if their

widespread use in fine-pitch assembly is to be

realized. Improvements are needed in bond

strength, cost, availability of fine filler particles,

corrosion and component registration. Major

advances in the field of inherently conductive

polymers like polyaniline and polypyrrole

could offer useful alternatives.

Photoimageable Dielectrics and
Photoresists

Utilization of photoimageable dielectrics

and photoresists can reduce the cost of board

fabrication, yield more environmentally benign

processes and finer board lines.

Polymer Underfills

Polymer underfills help minimize the

effects of CTE mismatch and improve assembly

reliability. Reworkable underfills reduce costs

and scrap.

Improved Solders

Lower temperature solders allow utilization

of other materials presently incompatible with

today's processing and reduces board stresses

diiring assembly. Lead-free solders are needed

to meet future lead use requirements. Im-

proved solder mechanical integrity may elimi-

nate use of chip underfills.

Cost and Business Issues

In addition, a series of cost and business

issues cut across all aspects of Module Inter-

connection. These issues influence the ability

for new materials and processes to be utilized

and represent some of the most pressing chal-

lenges to the industry. The overriding pressure

is to drive cost out of the products and pro-

cesses. Consequently, tradeoffs for systems

level enhancements are not always considered

due to higher costs incurred somewhere vdthin

the food chain. This contributes to the signifi-

cant inertia towards change which exists within

the industry. Specific business, specification,

and customer issues are detailed in Table 7

(page 27).

Recommendation

The push to increased complexity and

reduced feature size is a pronoinent theme

within Module Interconnection and through-

out this report. Enhancement of current mate-

rials and development of new materials in a

short time frame to enable industry to meet the

requirements of increased density and reduced

feature size is needed for the industry to re-

main competitive.
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Table 5: Primary Technology Drivers and Responses in

Module Interconnection

DRIVER responseT ~

"

Price - Permanent Resists

- Process Step Reduction - Photo Formed Vias

- Reduced Materials - Single Sheet Prepreg

- "Green" Processes - Waste Recovery / Reuse

- Yield Improvements - Waste Elimination

- Improved Panel Utilization - Large Panel Format

- Laser Direct Write Imaging

- Lead Free Solder

Reliability - High Performance Resins

- Improved Materials - High DuctUity Copper

- Improved Test - Latent Defect Test

- Improved Build Process - Optical Test for Near Defects

- Yield Improvements - Optical Registration

- High Densitv' Pad on Pad

Connectors

Portability - Thinner Foils

- Thin - Thermal Vias

- Light Weight - Fine Line Circuitry

- Miniaturization - Optical Test

- reduced levels of packaging - Thin Glass Cloth (38 /xm)

- double sided assemblv - High Performance Resins

- interconnect densitv

- high densitv I/O

- Photoimageable Dielectrics

Performance - Thinner Foils

- Tighter Grids - Full Build Electroless Plating

- Finer Lines - High Resolution Resists

- Smaller Holes - Optical Test

- Improved Electrical Properties - Thin Glass Cloth (38 p,m)

- Higher Operating Temperatures - High Performance Resins

- Interconnect Densitv - Photoimagable Dielectrics

- High DensiU' I/O - Pad-on-Pad Intercormects

- Reduced Levels of Packaging - Direct Chip Attach

Very High Performance - CIC or Aramid Construction

- Very Fine Grids - Teflon, Cyanate Ester

- High Densiw Lotv e. Materials - Integrated Hex I/O

- Lltra High I/O
- Optical Process Registration

- Very High Laver Count - Pad-on-Pad Interconnects

- High Densitv Connector - Parallel Process

- Vertical Wiring - Stacked Via

- Matched CTE Construction - Selective Lamination

- Embedded Components

Beyond the TechnologyRoadmaps: AnAssessmentof Electronic Materials Research &Development



26 NISTIR 5777

Table 6: Technical Issues and Needs

,

' '' >6Yr

Low dielecUic constant materials

for high frequency applications

- Low loss alternative to PTFE for

> 1 GHz operation

- Higher (>200 °C) substrates

compatible with wire bonding

- Easily processed materials for 18-

94 GHz operation

Dimensionally stable polymer

structures

- Substrate materials meeting 100

ppm variance

- Substrate materials meeting 50

ppm variability

Moisture resistant resins - Substrate resins with <0.5% wt

moisture uptake

- Substrate resins with <0.1% wt

moisture uptake

Conductive adhesives - Improved strength and reduced

cost of filled adhesives

- Fine pitch conductive particles

- Reduced conductive particle cor-

rosion

- Establish robust infiastructure

and training

- Improved component registration

- Develop inherently conductive

adhesives

Photoimageable dielectrics and

photoresists

- Permanent photoresists

- Increased utilization of

photoimageable dielectrics

- Environmentally benign materials

and processes

Polymer underfills - Reworkable resins -

Improved solders - Lower temperature solders - Mechanically robust solders to

eliminate need for polymer

underfills

Table 7: Cost and Business Issues

ISSUES

i BUSINESS SPECIFICATION CUSTOMER

- ProfitabUity of vendors

- Development of domestic

suppHers

- Difficult to incorporate

revolutionary materials

- Loss of low cost materials

suppliers

- Use of single ply laminates

- Reduced peel strength

requirement

- Joint reliability testing

- Material choices driven by

process and assembly, not end

product requirements

- Vertical partnering needed to

institute changes
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Materials Characterization

Introduction

Materials are the building blocks of all

electronic systems, whether they are simple or

complex, analog or digital, microelectronic or

optoelectronic, whether they operate at RF or

microwave frequencies, and whether they are

intended for computation, data transfer or

mass storage applications. To produce high

quality low-cost reliable world class products,

the attributes of the electronic materials must

be measured at all stages, from starting materi-

als through fabrication, packaging and final

assembly. Characterization represents the

infrastructure required to control quality in

manufacturing, as well as nurture discovery

and development of the beneficial properties of

new materials. Major challenges are the high

cost of state-of-the-art tools, the cost of main-

taining in-house capabilities and the corre-

sponding critical expertise needed to collect

and interpret the data to provide quality con-

trol over all the materials used in electronic

device manufacturing.

Presenterand discussion

Summary

The working committee recognized the

difficulty of identifying and prioritizing the

measurements for present, near-term, and long

term. Figure 2 shows a history of analytical

measurement techniques relative to the decline

of minimum integrated circuit (IC) geometry.

Each technique was considered revolutionary

when first introduced. Experience has shown

that from the point of introduction, each

technique improves in an evolutionary fashion

in response to driving forces for improved

performance, i.e. smaller analytical spot, higher

sensitivity and improved surface selectivity.

There is a distinction to be made in con-

trasting the role of materials diagnostics for low

volume versus high volume production manu-

facturing. In low volume, such as in a flexible

manufacturing situation, the process and

products need to be measured continually in

real time, preferably by in situ methods. For

high volume manufacturing, the objective is to

fine tune the process until diagnostic tech-

niques can be eliminated altogether. It is the

development phase, with high volume manu-

facturing as a goal, that demands the most

from materials characterization.

The techniques listed in Figure 2 are im-

portant to the semiconductor industry, in that

each has improved and retained usefulness

over the years. Continued evolution of each to

higher resolution, more sensitive robust tools is

needed. In an environment of limited

resources, the challenge is to rank techniques

against need, and define the purpose of each.

Each purpose can be arranged under technol-

ogy themes, which are:

( 1) starting material qualification,

(2) novel materials and structures,

(3) process development,

(4) process monitoring {in situ),

(5) process monitoring (on-line),

(6) off-line monitoring, and

(7) failure analysis.

Starting Material Qualification

Techniques for characterization of a start-

ing material like silicon are well-detailed in the

NTRS and need not be addressed in great

detail here. Others, such as III-V materials,

have characterization needs for measuring

dislocation density and EL2 density and distri-

bution uniformity. Ways for these character-

ization tools to accommodate the next genera-

tion of 150 mm wafers have to be explored.
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HISTORY OF ANALYTICAL TECHNIQUES
RELATIVE TO THE STEADY DECLINE OF MINIMUM 1C GEOMETRY

AEM Analytical electron microscopy
AES Auger electron spectroscopy
AM Acoustic microscopy
AMS Accelerator mass spectroscopy
AP Atom probe
BEEM Ballistic electron emission microscopy
CPA Charged particle activation analysis

DCT Double crystal X-ray topography
EMP Electron mlcroprobe
BM Beld Ion microscope
FTIR Fourier transform Infrared

HREM High resolution electron microscopy
LANG Scanning Lang X-ray topography
NAA Neutron activation analysis

OM Optical microscopy
PIXE Particle Induced X-ray emission
PL Photoluminescence spectroscopy
RIS Resonance Ionization spectroscopy
RBS Rutherford backscatterlng spectroscopy
SAM Scanning Auger mlcroprobe
SEM Scanning electron microscopy
SIMS Secondary Ion mass spectroscopy
SNMS Sputtered neutral mass spectroscopy
STM Scanning tunneling microscopy
TEM Transmission electron microscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

XRF X-ray flourescence

JlFTlR Microspot FTIR
fjRAMAN Raman mlcroprobe

Figure 2: History of Analytical Techniques Relative to the Steady Decline of

Minimum IC Geometry (Provided by Thomas Shaffner, Texas Instruments, Box

655936, Mail Stop 147, Dallas, TX 75265).

For flat panels and storage media, measure-

ment of substrate panel flatness both in terms

of bow and surface roughness is extremely

important. The characterization of deposited

films on substrates for properties such as

thickness, defect density, resistivity, and chro-

maticity is also needed. Adaptation of mea-

surements to meet the needs of large-area

substrates is also required.

Novel Materials and Structures

Characterization of the properties of novel

materials and structures, particularly

nanostructures, Mil utilize the same techniques

as detailed above, with emphasis on small spot

probes and atomic resolution capability.

Process Development

Means of determining the efficacy of

fabrication processes need to be further devel-

oped in the areas of thickness and composition

control of thin films, both two- and three-

dimensional profiling of dopant concentration

and distribution, three-dimensional imaging

and characterization of critical dimension

features, detection and characterization of

particulate contamination and defects, and

characterization of the properties of new di-

electrics.

In Situ Process Monitoring and Control

Methods of in-process diagnosis and con-

trol of the unit fabrication processes need to be
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developed further. The important parameters

to be monitored can be arranged in three

categories:

• Substrate: including film thickness and

composition, temperature, stress, and

abruptness of interfaces;

• Process: including monitoring the state of

the reactants (flow rates, purity, etc.),

monitoring the plasma state, and detection

of particle generation; and

• Equipment: monitoring of RF power, point-

of-use chemical purity, and ambient haz-

ards through implementation of environ-

mental sensors. In addition, the methodol-

ogies for using this information to optimize

the process, including CAM tools, need

further development in terms of improved

process and yield control models, and

control schemes such as feed-back loops

and feed-forward controls.

On-Line and Cleanroom Process Monitor-

ing and Control

Advances are also needed in the inspec-

tions and measurements done between unit

processes that verify the state of the prod-

uct as it moves through the fabrication line.

These include particle and defect detection,

composition analysis, and source identification;

detection of metallic and organic

contamination; critical dimension measure-

ment; film thickness measurement; confirma-

tion of design intent for flat panels, that is,

verification of the end result of a given process;

overlay control; process validation; determina-

tion of implant dose; measurement of the

structural properties of critical features; and

development of improved pattern recognition

methodologies that will enable automation of

the process.

Off-Line Monitoring

Characterization and measurements done

outside the process sequence include determi-

nation of implant dose; three-dimensional

profiling of dopant concentration and distribu-

tion; contamination control; measurement of

stress at small spots; determination of gate

reliability; characterization of surface rough-

ness; and determination of layer thiclcness and

composition.

Failure Analysis

Techniques for failure analysis that are

important now and will continue to be impor-

tant in the future include cross-sectional tech-

niques; microspot chemical and physical analy-

sis; hot electron imaging; and three- dimen-

sional tomography, including X-ray, acoustic,

electron and ion beam techniques. These and

other techniques need further development to

diagnose package stress, hermeticity, and

causes for delamination; and to characterize

metallization failures.

Material Characterization Needs

To meet these needs, the following capabil-

ities need to be developed or improved:

Near Term
• Fast visible light ima^ng detectors for III-

V materials quality characterization.

• Higher sensitivity detection of organics in

process fluids.

• Materials which generate low particle

counts during fabrication.

• Smaller spot size ion beams.

• Wet chemical cleaning process control

sensors for bath concentrations and trace

contaminants.

• Electron holography for dopant profiles

and magnetic materials.
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Mid Term
• New x-ray sources, optics, and detectors for

commercial applications.

• Spectral refractive indices for optical thin

films for flat panels.

• Environmental sensors for process effluent

monitoring at each appropriate process

tool.

Long Term
• Higher sensitivity detection of impurities

on processed substrates (flat panels, III-Vs,

and Si) continuous improvement.

• Massively parallel scanning probe micros-

copy (SPM).

• Fast non-destructive analysis of electrical

properties of semi-insulating GaAs.

• Non-destructive characterization of electri-

cal properties, such as resistivity, of thin

films.

SummaryAND Conclusions

The existence of the NTRS for silicon

technology allowed the development of a

Metrology Roadmap for the silicon industry. A
similar roadmap for III-V and II-VI compounds

is conspicuously absent, and if drafted, would

focus attention on factors influencing economic

growth in these sectors, as well as providing the

necessary goals to prioritize further develop-

ment and application of characterization tools.

The likelihood for future revolutionary charac-

terization breakthroughs will be enhanced by

a strengthened infrastructure for the physical

sciences. This can be accomplished through

Federal centers of excellence in materials

research, characterization, and processing, and

should be done in collaboration between indus-

try, academia, and Federal laboratories.
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Research Opportunities

Introduction

A multiplicity of possible research opportu-

nities in electronics / photonics was recognized

and discussed. Beyond the specific researcdi

needs and challenges, a complicating factor in

a discussion of research opportunities is: ( 1

)

the interdisciplinary nature of the challenges,

requirements and nature of the research; (2)

the brancdies of science involved; and (3) the

U'pes and objectives of the organizations carry-

ing out the research. While specific researcdi

agendas among universities, industry, and

national laboratories may not coincide, several

research issues common to these three sectors

were identified in electronics and photonics.

First, a basic understanding of the underlying

chemistry and physics principles is viewed

essential. Second, with increasing

sophistication of analytical tools used to exam-

ine atomic scale characteristics and to under-

stand materials and materials processing at this

level, universities may no longer have the

requisite facilities and resources to

comprehensively pursue all the necessary types

of advanced materials processing and

characteri zation

.

A restructuring of the relationships among

universities, industry, and national laboratories

to better meet particular demands in the areas

identified are suggested. The changing focus of

industrial research makes it increasingly impor-

tant that universities be able to perform the

basic research needed for long term benefits to

industry. To meet this challenge more effec-

tively, interactions between university research-

ers, and their counterparts in industry and

government laboratories, need to be strength-

ened, and approaches need to be developed to

ensure the new knowledge generated from

basic research is made available to the user in

a timelv manner. The process is enhanced

when the long term needs of industry are

regularly discussed with those conducting

research. This workshop is one aspect of an

ongoing process to identify critical research

needs and to encourage new types of interac-

tions between the university, national labora-

tory, and industrial R&JD communities in

electronics and photonics.

Rapid progress in many diverse fields has

been, and will continue to be, based on the

increasing capability and cost effectiveness of

microelectronics and photonics materials,

devices, and circuitry. As the limits of current

materials and materials processing technology

are reached, new materials and processes must

take the place of the ones limiting progress.

For this to occur, research to identify, charac-

terize, and understand the fundamental limits

of new materials and processes must take place.

Summary of Critical Areas

A variety of technical areas, and sugges-

tions for improvements in the methodology

used to perform the research were identified for

enhanced RSdD. Emphasis was given to long

range research topics, beyond those already

identified in roadmaps like the NTRS and

NEMI, that are closely identified with potential

electronic / photonic applications.

It’s noted that silicon will remain the most

important electronic material for the foresee-

able future. However, other non-silicon elec-

tronic and photonic materials have recognized

advantages and remain critically important for

selected electronic or photonic applications.

Creation of an improved national

infrastructure for sustained long-term research

is a critical issue. Materials research needs and
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opportunities for major advances are consid-

ered most critical in:

• synthesis and physical properties of

nanostructures;

• characterization, computation and simula-

tion of material properties for designer

materials and processes;

• heterogeneous and non-lattice-matched

growth and epitaxy;

• interfaces betw^een dissimilar materials;

• interconnects;

• non-equilibrium processing; and
• wide bandgap semiconductors.

Specific Issues and Recommenda-
tions

specific issues in each of the critical re-

search areas are summarized here. The focus

on materials research needs and opportunities

for major advances emphasizes a long-term

time frame for realization of each of these

recommended areas of research.

Synthesis, Processing, and Physical Proper-

ties of Nanostructured Materials

• Fundamental scattering mechanisms in

confined structures.

• Optical properties of quantum-confined

structures.

• Magneto-resistive materials, structures and

physics.

• Coulomb blockade devices (single electron

tunneling devices).

• Processing routes and equipment for

nanoscale structure fabrication.

• Scaled (ultra-thin film) insulators (process-

ing and properties).

Computation and Simulation of Materials

Properties and Processes (for designer

materials)

• Band structure calculations prior to synthe-

sis.

• Simulation of processes (epitaxy, deposi-

tion, etching, implantation, metallization)

and resulting chemical and physical prop-

erties.

• Simulation of process tools.

• Calculations of multilayers and interfaces.

• Basic chemical and physical properties

(band offsets, effective masses).

• Defects and their interactions.

• Degradation of materials and microstruc-

tures.

Heterogeneous and Non-lattice-matched

Growth and Epitaxy (including direct

bandgap materials on silicon)

• Heteroepitaxy.

• Understanding point, line and planar

defects, and their interactions.

• Wafer bonding and fusion.

• Lateral, selective and patterned epitaxy.

• Mesotaxy (buried epitaxial growth by ion

implantation, such as for silicides).

• Interface properties (band offsets, etc.).

• 3D and non-planar structures.

• Accommodation (thin) and buffer (thick)

layer strategies.

• Low defect density substrates.

• Thermodynamic and kinetic metastability.

• Initial stages of nucleation.

Interfaces Between Dissimilar Materials

• Stress (chemical, mechanical) at interfaces.

• Electromigration in metals and interfaces.

• Irreversible processes (e.g., chemical and

morphological reactions at interfaces).

• Microstructural evolution (e.g.,

submicrometer)

.

• Control of electronic properties of inter-

faces (e.g., trap and Fermi level engineer-

ing)-

• Chemical interdiffusion along^across inter-

faces.

Interconnects

• Low dielectric constant materials.

• Grain boundary structures.

• Optical interconnects.

• Geometrical control and stability.

• Permanent resists.
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Non-equilibrium (low thermal budget)

Materials Processing

• Beam (ion, electron, laser) processing and

beam-solid interactions.

• Surface chemistry and physics.

• Defect engineering (e.g., delta doping, non-

stoichiometric effects in compound seini-

conductors).

• Process tool development.

• Plasma processing.

• New precursors for low-temperature

growth.

• Temperature measurements of local areas.

• Modeling of low temperature processes.

Wide Bandgap Semiconductors
• Bulk crystal growth and defect reduction.

• Heteroepitaxial deposition, graded buffer

layers and compliant structures.

• Alloys and characterization.

• Abrupt compositional junctions for charge

carrier confinement.

• Effect of hydrogen on n- and p-type doping

and reasons.

• n- and p-type doping without post-growth

processing.

• Ion implantation and dopant activation.

• Reactive ion and wet etching procedures.

• Ohmic and rectifying contacts for n- and p-

type materials and characterization, reac-

tions, effect of band offsets and current

transport.

• Gate and field dielectrics - effect of

heteroepitaxy on breakdown and leakage

characteristics.

• Essential properties: band offsets, effective

masses, cause of deep states, alloying ef-

fects on Eg, electron and hole mobilities,

transport as function of temperature and

doping, thermal as function of tempera-

ture, piezoelectric and non-linear optical

effects.

• Surface and interface chemistry.

• Point and extended crystal defects and

their effect on electrical properties .

• Modeling of various devices.

• Electron emission and application for cold

cathodes.

• Fabrication and testing of simple micro-

electronic and optoelectronic devices.

• Double heterostructure and vertical cavity

lasers.

• Non-volatile memories.

• Device packaging - especially for high

temperature applications.

Other (research topics and/or materials

deemed important but insufficient time for

discussion at this forum)
• Amorphous semiconductors.

• Si-based electronics regarding scale-up and

defect-related concerns.

• Active and passive polymer structures

(electronic and optoelectronic).

• Fibers for photonics.

• Phosphor technology.

• Molecular self-assembly.

National Research Infrastructure in "Long-

term Research Opportunities"

• Increased on-site interactions and staff

exchange among industry, government labs

and universities.

• Form and motivate team research, particu-

larly between industry, government labs,

and universities.

• Include entrepreneurial training for stu-

dents.

• Increased support of universities to de-

velop a long-term research infrastructure.

• Enhanced sharing of intellectual property

while maintaining proprietary obligations.

• Increased electronic / photonic materials

research by materials scientists in materials

departments.

• Combine good basic science research with

potential applications important to indus-

• Emphasize B.S., M.S. and Ph.D. level

education.

• Recognize and promote a quality education

base, and a team-oriented, interdisciplinary

approach to electronic / photonic materials

research.
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• Delicate balance between research that has

impact on industr}'^ but is not controlled

too tightly by industry.

Common Elements

Some materials research issues are not

necessarily specific to an application or mate-

rial, and were therefore represented in several

of the critical research areas. The development

and understanding of processing routes and

equipment were seen as a need for synthesizing

nanostructure materials and for low thermal

budget processing of materials. Simulation /

modeling was identified as filling an important

need for predicting materials and device prop-

erties, and anticipating processing requirements

and effects, toward the goal of tailoring "de-

signer" materials. Deposition techniques re-

quiring further fundamental understanding

included homo- and heteroepitaxy, along with

the development of improved precursors for

low-temperature processing. Also important

for most devices is a better understanding of

defects and their interactions; dopant distribu-

tion; surface and interfacial chemistry; and the

stability of interfaces, phases, grain boundaries,

microstructures, and non-planar structures.

Processing techniques recognized as cross-

cutting included plasma, ion, electron, and

laser beam processing; and etching techniques.

be over-emphasized. The fiscal burden of

advanced processing and characterization

equipment to universities is a hindrance that

needs to be addressed. Interactions between

university researchers and their counterparts in

industry and government need to be strength-

ened, perhaps through regional centers, and

greater staff and student exchanges.

Approaches need to be developed to ensure

that new knowledge generated from basic

research is made available to the user commu-
nity in a timely manner. Teaming arrange-

ments that eliminate duplication of effort and

resources were heavily favored. The team

approach was also advocated among the basic

sciences within the university that contribute

to electronic/photonic materials research. A
cautionary note was sounded, however, in that

although applications-oriented research is

favored by the funding industries, universities

must retain a degree of intellectual freedom

and not be overly controlled by the near-term

interests of industry.

Summary

A wide array of electronic / photonic mate-

rials issues, needs and opportunities for major

advances in the field was identified. Since

research was seen to provide the foundation for

successful advancement in the application

areas discussed, considerable thought was

devoted to exploring ways to enhance the

research climate.

The contributions of industry to research

efforts in universities and national labs can not
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Appendix A: ABBREVIATIONS

3D three dimensional

AAAS American Association for the Advance-

ment of Science

AEM anahaical electron microscopy

AES auger electron spectroscopy

ACerS American Ceramic Society

AlGaAs aluminum gallium arsenide

AIN aluminum nitride

AM acoustic microscopy

AMS accelerator mass spectroscopy

AP atom probe

AREA Advanced Research Projects Agency

ATP Advanced Technolog)' Program

BaFe Barium Ferrite

BEEM baUistic electron emission microscopy

CAD computer aided design

CAM computer aided manufacturing

CCD charge coupled device

CCIT Committee on Civilian Industrial

Technology

CD compact disc

CMOS complementary metal oxide semiconductor

CMR colossal magneto-resistance

CoNi Cobalt nickel

CPA charged particle activation analysis

Cr/CoCrX Chromium/cobalt chromium

CTE coefficient of thermal expansion

DCT double crystal x-ray topography

DEC diamond-like carbon

DOC Department of Commerce

DOD Department of Defense

DOE Department of Energy

DRAM dynamic random access memory

DSSC Data Systems Storage Center (at Cameigie

Mellon)

EIA Electronic Industries Association

EL2 a defect in GaAs

EMP electron microprobe

EMWG Electronic Materials Working Group

FeMn Iron manganese

FeN Iron nitride

FeSnNi Iron tin nickel

FIM field ion microscope

FTIR Fourier transform infrared

GaAs gallium arsenide

GaN gaUium nitride

GMR giant magneto-resistance

He coercive field

HDTV high density television

HREM high resolution election microscopy

IC integrated circuit

IEEE The Institute of Electrical and Electronics

Engineers, Inc.

ILD interlayer dielectric

InP indium phosphide

I/O input/output

IPC Institute for Intercormecting and Packaging

Electronic Circuits

ITRI Interconnection Technolog)' Research

Institute

JESSI Joint European Submicron Silicon Initia-

tive

LANG scanning Lang x-iay topography

LED light emitting diode

ME metal evaporated

MatTech Materials Technology Subcommittee

MEMS micro-electromechanical systems

^FTIR microspot FTIR

/iRAMAN micro-Raman microscope

MITI Japan Ministiy' of International Trade and

Industry

MMIC monohthic microwave integrated circuit

ML metal laminated

MO magneto-optic

MP magnetic particle

M, residual magnetization

Ms saturation magnetization
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NAA neutron activation analysis SIA

NASA National Aeronautics and Space SiC

Administration
SIMS

NCSU North Carolina State University SNMS
NEA negative electron affinity SNR
NEMI National Electronics Manufacturing

Initiative
SOI

NiFeCo/Cu Nickel iron cobalt/copper
SONOS

NiFe/Cu/NiFe Nickel iron/copper/nickel iron tiilayer
SPM

SRC
NiMn Nickel manganese

NIST National Institute of Standards and
STAR

Technology STM

NML National Media Lab TA

NRL Naval Research Laboratory TbFeCo

NSIC National Storage Industry Consortium TEM

NSF National Science Foundation Ts

NSTC National Science and Technology Council TPI

NTRS National Technology Roadmap for TR
Semiconductors TWG

NVSM non-volatile semiconductor memory UV
Oe Oersted VCR
OEM Original Equipment Manufacturer VCSEL
OIDA Optoelectronics Industry Development

Association
VLSI

WORMOM optical microscopy

OSTP Office of Science and Technology Policy
XPS

PBO polybenzoxazole
XRD

PEN polyethylene napthalate
XRF

PET poly ethylene terephthalate
Yr

PIXE particle induced x-ray emission

PL photoluminescence spectroscopy

PWB printed wiring board

R&D research and development

RBS Rutherford backscattering spectroscopy

ReCo/Fe Rare earth cobalt/iron

RF radio frequency

RIS resonance ionization spectroscopy

SAM scanning Auger microscope

SEM scanning electron microscopy

SEMATECH Semiconductor Manufacturing Technology

SEMI Semiconductor Equipment and Materials

International

Semiconductor Industry Association

silicon carbide

secondary ion mass spectroscopy

sputtered neutral mass spectroscopy

signal to noise ration

silicon on insulator

silicon-oxide-nitride-oxide-silicon

scanning probe microscopy

Semiconductor Research. Corporation

special technology area review

scanning tunneling microscopy

Technology Admirtistration

Terbium iron cobalt

transmission electron microscopy

glass transition temperature

tracks per inch

transmit/receive

technical working group

ultra-violet

video cassette recorder

vertical cavity surface emitting laser

very large scale integration

write once, read many

X-ray photoelectron spectroscopy

X-ray diffraction

X-ray fluorescence

year
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Appendix B: THE ELECTRONIC MATERIALS WORKING
GROUP

The EMWG is comprised of representatives from government agencies supporting programs in

electronics. This includes:

• Department of Commerce (National Institute of Standards and Technology, Technology

Administration)

• Department of Defense (Advanced Research Projects Agency, Naval Research Laboratory),

• Department of Energy,

• National Aeronautics and Space Administration,

• National Science Foundation, and
• Office of Science and Technology Policy.

The respective agency affiliations of the EMWG members at the time of the Workshop on Electronic

Materials are listed below:

DOC, NIST
Thomas Russell

Tel: (301) 975-2665

FAX: (301) 975-4091

E-mail: thomas.russell@nist.gov

Michael Schen

Tel: (301) 975-6741

FAX: (301) 869-3239

E-mail: michael.schen@nist.gov

Samuel Schneider, Jr.

Tel: (301) 975-5657

FAX: (301) 926-8349

E-mail: samuel.schneider@nist.gov

DOC, TA
Henry Simon (prior to 2/1/95)

IEEE Fellow

(now at Harris Corp., tel: (7 1 6) 244-5830)

DOD, ARPA
Robert Leheny, Chairman

Tel: (703) 696-0048

FAX: (703) 696-2201

E-mail: rleheny@arpa.mil

DOD, ARPA(cont

)

Zach Lemnios

Tel: (703) 696-2278

FAX: (703) 696-2201

E-mail: zlemnios@arpa.mil

DOD, NRL
Gerald Borsuk

Tel: (202) 767-3525

FAX: (202) 767-3577

E-mail: borsuk@estd.nrl.navy.mil

Neal Wilsey

Tel: (202) 767-3693

FAX: (202) 761-1165

E-mail: wilsey@bloch.nrl.navy.mil

DOE
Charles Fowler

Tel: (202) 586-5834

FAX: (202) 586-1057

E-mail: charles.fowler%dp-07@mailgw.er

Wayne Hofer (prior to 2/1/95)
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NASA NSF (cont.)

Gordon I. Johnston

Tel: (202) 358-4685

FAX: (202) 358-2697

Tel: (703) 306-1837

FAX: (703)306-0515

E-mail: lhess@nsf.gov

Verne Hess

E-mail: gjohnston@oact.hq.nasa.gov

Brent Mott
Tel: (301) 286-7708

FAX: (301) 286-1672

OSTP
Kerry A. Hanson (Prior to 1/95)

AAAS, Sloan Fellow

E-mail: brent_mott@ccmail.gsfc.nasa.gov

NSF
Debbie Crawford

Tel: (703) 306-1339

FAX: (703) 306-0305

E-mail: dcrawfor@nsf.gov

The EMWG would like to especially acknowledge the assistance of the following individuals

from private industry who assisted in the execution of the Workshop on Electronic Materials and in the

preparation of this report.

Booz ‘Allen Hamilton Inc. Consultant

David G. Smith Andrew Yang
Tel: (703) 528-8080 Tel: (703) 243-2231

FAX: (703) 525-3754 FAX: (703) 243-2124

E-mail: smith david g@bah.com

Max M. Klein

Tel: (703) 528-8080

FAX: (703) 525-3754

E-mail: klein_max_(bal_i)@bah.com
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Appendix C: REVIEWED REPORTS (References)*

Title Reference

The National Technology Roadmap for Semicon-

ductors

Semiconductor Industry Association, June 1994

(Draft), (Final draft approved November 1994)

Special Technology Area Review (STAR): Silicon-

Germanium Devices

Report of the Department of Defense Advisory

Group on Electron Devices, Office of the Under

Secretary of Defense for Acquisition, June 1994

(DRAFT)

Metrology and Data for Microelectronic Packag-

ing and Interconnection

M.A. Schen, ed., NISTIR5520 (1994)

Optical Science and Engineering: New Directions

and Opportunities in Research and Education

NSF Workshop, May 1994; NSF 95-34

Optoelectronic Technology Roadmap - Conclu-

sions and Recommendations

Optoelectronics Industry Development Associa-

tion (1994)

Materials for Future Electronics and Optoelec-

tronics

ARPA/NSF Workshop, October 1993

IPC Technology Roadmap: The Future of the

Electronic Interconnection Industry

Institute for Interconnecting and Packaging Elec-

tronic Circuits, August 1993

Photonic Materials: A Report on the Results of a

Workshop August 26-27, 1992

JA. Carpenter, Jr. and S.W. Freiman, eds.,

NISTIR5299 (1994)

Epitaxy, Interfaces, Defects and Processing of

Electronic and Photonic Materials

ARO/NSF Workshop, November 1991

Advanced Manufacturing Technology: The Fiscal

Year 1994 Federal Program in Manufacturing

Science, Engineering, and Technology

Committee on Industry and Technology, Federal

Coordinating Council for Science, Engineering,

and Technology, August 1993
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Advanced Materials &. Processing, The Fiscal Year

1994 Federal Program - A Report by the Commit-

tee on Industry and Technology To Supplement

the President’s Fiscal Year 1994 Budget

Electronics Manufacturing Technology Roadmaps

and Options for Government Action

Special Technology Area Review (STAR): Flat

Panel Displays

DoD Silicon Investment Strategy

GaN and Wide Bandgap Materials

* For further information regarding these

Electronic Materials Working Group.

Federal Coordinating Council for Science, Engi-

neering, and Technology and Office of Science

and Technology Policy, July 1993

National Electronics Manufacturing Framework

Committee, September 1994 (DRAFT, Version

3.0)

1994

September 1993

multiple reports

reports, please contact R. Leheny, Chairman,
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Appendix D: INDUSTRYADVISERS

American Ceramic Society (ACerS)

Amar Bhalla

Electronic Industries Association (EIA)

Gailon Brehm

Institute for Interconnecting and Packaging Electronic Circuits (IPC)

David Bergman

Optoelectronics Industry Development Association (OIDA)

Arpad Bergh

SEMATECH and Semiconductor Industry Association (SIA)

David Anderson

Semiconductor Equipment and Materials International (SEMI)

Sy Kraut

Semiconductor Research Corporation (SRC)

Robert Burger
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Appendix E: FURTHER RECOMMENDED REPORTS

Title Reference

Silicon Industry Report 1994 Sage Concepts, Inc. (1994)

A Series of Brief Analyses on Electronic Materials Rose Associates, October and December 1993

Electronic Materials Reports Rose Associates, monthly reports

Feast and Famine in Materials Daniel Rose, Rose Associates, January 1995

National Technology Roadmap for Electronic

Interconnection s

Institute for Interconnecting and Packaging Elec-

tronic Circuits, June 1995

Annual Report of the Semiconductor Research

Corporation

Semiconductor Research Corporation (1994)

Storage Technology Roadmaps National Storage Industry Consortium, Septem-

ber 1994 (Distribution limited to NSIC member
organizations and U.S. Government agencies)

The Information Storage Industry C.D. Mee, NSIC Report, March 1994

The Digital Storage Industry J.L. Simonds, NSIC Proposal, November 1993

Storage Technology in the Year 2000, Data Stor-

age

C.H. Bahjorek and C.D. Mee, September 1994

Outlook for Maintaining Areal Density Growth in

Magnetic Recording

Joint Intermag-MMM Conference, Albuquerque,

E. Grochowshi and D.A. Thompson (1994)
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Appendix F: WORKSHOP ON ELECTRONIC MATERIALS
AGENDA

Tuesday, December 6, 1994

7:15 - 8:00 Continental Breakfast

PRESENTATIONS

8:00 - 8:15 Introduction Bob Leheny, ARPA

8:15 - 8:45 NEMI Jane Alexander. ARPA

8:45-9:10 Microelectronics Bill Swiss, SEMATECH

9:10 - 9:35 Photonics Kent Carey

Hewlett Packard

9:35 - 10:00 RE & Microwave Gailon Brehm
Electronics Texas Instruments

10:00 - 10:25 Mass Storage John Simonds, NSIC

10:25 - 10:50 Break

10:50 - 11:15 Module Intercon- Amar Rai

nects IBM/Endicott

11:15 - 11:40 Materials Charac- Thomas Shaffner

terization Texas Instruments

11:40- 12:05 Research Oppor- Bob Davis, NCSU
tunities

12:05 - 1:30

Lunch

DISCUSSION

1:30 - 3:00 Breakout Groups
Photonics: General Session

Microelectronics: Room 2201

RF &. Microwave Electronics: Room 2301

Mass Storage: Room 2401

Module Interconnects: Room 250

1

Materials Characterization: Room 2601

Research Opportunities: Room 2701

3:00 - 3:30 ' Break

3:30 - 5:00 Further Breakout Group Discussions

Wednesday, December 7, 1 994

7:45 - 8:30 Continental Breaicfest-I’"^^ ,

8:30 - 8:45 Back

s£gmmariesam>disc^^

8:45 - 9:30 Microelectronics

8-A5 - 9:00 Summary Presentation

9:00 - 9:30 Full Group Discussion

9:30 - 10:15 Photortics

9:30 - 9:45 Summary Presentation

9:45 - 10:15 Full Group Discussion

10:15 - 10:45 Break '
- ,

10:45 - 11:30 RF (Sc Microwave
1 0:45 - 11 :00 Summary Presentation

1 1 :00 - 11:30 Full Group Dscussion

11:30 - 12:15 Mass Storage

1 1 :30 - 1 1 :45 Summary Presentation

11:45 - 12:15 Full Group Dscussion

12:15 - 1:30

Lunch

1:30 - 2:15 Module Intercormects

1 :30 - 1 :45 Summary Presentation

1:45 - 2:15 Full Group Presentation

2:15 - 3:00 Materials Characterization

2:15 - 2:30 Summary Presentation

2:30 - 3:00 Full Group Presentation

3:00 - 3:45 Research Opportunities

3:00 -3:15 Summary Presentation

3:15 - 3:45 Full Group Dscussion

3:45 - 4:30 ' Wrap-Up
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Appendix G: WORICSHOP ON ELECTRONIC MATERIALS
ATTENDEES

Olaleye Aina

AMP/MSig
22300 Comsat Drive

Clarksburg, MD 20871

Phone: (301) 428-4358

FAX: (301) 540-8512

Section: Photonics

Michael Alexander

U.S. Air Force/Rome Laboratory

Rome Laboratory

RL/ERX Building 1128

80 Scott Drive

Hanscon AFB. MA 01731-2909

Phone: (617) 377-4034

FAX: (617)377-5041

E-mail: alexander@eastlanex.rl.af.mil

Section: RF&Micro'wave Electronics

Arpad Bergh

OIDA
2010 Massachusetts Ave, NW
Suite 200
Washington. DC 20036
Phone: (202) 785-4426

FAX: (202) 785-4428

E-mail: aboida@osa.org

Section: Photonics

David Bergman
IPC

One South Lake Avenue

Third Lake, IL 60046

Phone: (708) 677-2850

FAX: (708) 677-2872

E-mail: bergda@ipchq.com

Section: Module Intercormects

Steve Bishop

University of Illinois

Microelectronics Lab

208 N. Wright Street

Urbana, IL 61801

Phone: (217) 333-3097

FAX: (217) 244-6375

E-mail: sgbishop@uiuc.edu

Section: Materials Characterization

Gerry Borsuk
Naval Research Laboratory

Code 6800

Washington, DC 20375-5347

Phone: (202) 767-3525

FAX: (202) 767-3577

E-mail: borsuk@estd.nrl.navy.mil

Section: EMWC Member

Phil Bos
Kent State University

Liquid Crystal Institute

137SRL
^

Kent, OH 44242

Phone: (216) 672-2511

FAX: (216) 672-2796

Section: Photonics

Gallon Brehm
Texas Instruments

13510 N. Central Expressway

M/S 245

Dallas, TX 75243

Phone: (214) 995-5571

FAX: (214) 995-6619

E-mail: gbre@msg.ti.com

Section: RF&Microwave Electronics

April Brown
CIT
778 Atlantic Drive

Atlanta, GA 30332

Phone: (404) 853-9447

FAX: (404) 894-0222

Section: RF&jMicrowave Electronics

Robert Burger

SRC
79 Alexander Drive, Building 4401,

Suite 300/P.O. Box 12053

Research Triangle Park, NC 27709
Phone: (919) 541-9428

FAX: (919) 541-9450

E-mail: burge@src.org

Section: Research Opportunities
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Don Burland

IBM/Almaden

Almaden Research Center

650 Harrv' Road

San Jose, CA 95120-6099

Phone: (408) 927-1501

FAX: (408) 927-3310

E-mail: buriand@almaden.ibm.com

Section: Photonics

Kent Carey

Hewlett Packard Company
Instruments Sc Photonics Laboratory

Photonics Technology Dept.

3500 Deer Creek Road

Palo Alto. CA 94304

Phone: (415) 857-7468

FAX: (415) 857-7514

E-mail: carey@hpl.hp.com

Section: Photonics

Joseph Carpenter

NIST. Ceramics Division

223/A256

Gaithersburg, MD 20899

Phone: (301) 975-6397

E-mail: carpent@micf.mst.gov

Section: Microelectronics

Aris Christou

University of Maryland

Dept. Materials Sc Nuclear Engineering

Building 090/Room 2135

College Park, MD 20742-2115

Phone: (301) 405-5208

FAX: (301) 314-9467

Section: RFScMicrowave Electronics

John Davignon
Texas Instruments

M/S 2110

12501 Research Blvd

P.O. Box 149149

Austin. TX 78714-9149

Phone: (512) 250-7142

FAX: (512) 250-7010

E-mail: chi@msg.ti.com

Section: Module Interconnects

Bob Davis

North Carolina State Urtiversity

Dept, of Materials Science Sc Engineering

Raleigh. NC 27695-7907

Phone: (919) 515-2377

FAX: (919)515-7724

E-mail: davis@mat.mte.ncsu.edu

Section: Research Opportunities

Tom Davis

NIST
Mat. Science and Engineering

Building 224/Room B320
Gaithersburg, MD 20899

Phone: (301) 975-6725

FAX: (301) 869-3239

E-mail: gtdavis@micf.nist.gov

Section: Module Interconnects

Main Diebold

SEMATECH
2706 Montopolis Drive

AUSTIN, TX 78741-6499

Phone: (512) 356-3146

FAX: (512) 356-7640

E-mail: alain_diebold@sematech.org

Section: Materials Characterization

William Doyle

University of Alabama

Center for Materials Information Technology

Box 870209

Tuscaloosa, AL 35487-0209

Phone: (205) 348-2507

FAX: (205) 348-2346

Section: Mass Storage

Charles Drew Evans

Charles Evans Associates

301 Chesapeake Drive

Redwood City, CA 94063

Phone: (415) 369-4567

FAX: (415) 369-3867

Section: Materials Characterization
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Keenan Evans

Motorola. Inc

Mail Drop P004

5005 East McDowell Road
Phoenix. AZ S5008

Phone: (602) 244-460S

FAX: (602) 244-5073

Michael Fluss

Lawrrence Livermore National Lab

Materials Science Division

7000 East Avenue

P.O. Box 808. L-353

Livermore. CA 9455

1

Phone: (510) 423-6665

FAX: (510) 423-4967

E-mail: flussl@llnl.gov

Section: Mass Storage

Murray Gibson

University of Illinois - Urbana

Dept, of Physical Materials Science

1110 West Green Street

Urbana, IL 61801

Phone: (217) 333-2997

FAX: (217) 244-2278

E-mail: gibson@uiucmrl.bitnet

Section: Research Opportunities

A1 Goodman
Office of Naval Research

Electronics Division

Code 312

800 North Quincy Street

Arlington, VA 222 17-5660

Phone: (703) 696-4845

FAX: (703) 696-2611

E-mail: goodman@onr-hq.navy.mil

Section: Research Opportunities

Roland Flaitz

Flewlett Packard

Components Group

370 W. Trimble Road
San Jose, CA95131
Phone: (408) 435-6202

FAX: (408) 435-4892

Section: Photonics

Carol Flandwerker

NIST
Metallurgy Division

Building 223/Room A153
Gaithersburg, MD 20899

Phone: (301) 975-6158

FAX: (301)926-7975

Section: Module Intercormects

Verne Hess

National Science Foundation

4201 Wilson Blvd

Room 1065

Arlington, VA 22203

Phone: (703) 306-1837

FAX: (703) 306-0515

E-mail: lhess@nsf.gov

Section: EMWG Member

Robert Hickemell

NIST
Mail Code 815.04

325 Broadway

Boulder. CO 80303

Phone: (303) 497-3455

FAX: (303) 497-3387

Section: Photonics

Paul Ho
University of Texas at AUSTIN
Center for Materials Science &l Engineering

Mail Code 78650

AUSTIN, TX 78758-1 100

Phone: (512) 471-8961

FAX: (512)471-8969

Section: Module Intercormects

Robert Holmes
AT&T Microelectronics

4500 Laburnum Avenue

Richmond, VA 23231-2422

Phone: (804) 226-5114

FAX: (804) 226-6032

E-mail: rrh@rguxa.att.com

Section: Module Intercormects
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Evelyn Hu
UCSB
Director, Quest

Building 981

Santa Barbara, CA 93106-4170

Phone; (805) 893-2368

FAX: (805) 893-8170

E-mail: hu(S)ece.ucsb.edu

Section: Photonics

Jerry Hurst

IBM - Almaden Research Center

650 Harrv Road

K65/802

San Jose, CA 95120-6099

Phone: (408) 927-2942

FAX: (408) 927-3025

Section: Mass Storage

Tomasz Jagielinski

Eastman Kodak Company
3985-A Sorrento Valiev Boulevard

San Diego, CA 92121-1402

Phone; (619) 535-6908

FAX: (619) 535-6990

Section: Mass Storage

Ken Jones

U.S. Armv Research Lab

AM-SRL-EP-EC
Fort Monmouth, NJ 07703

Phone: (908) 544-1408

FAX: (908) 544-1306

E-mail: KJONE@monmouth-ETDLl.Armv.Mil
Section: Microelectronics

Sanjiv Kamath
Hughes Research Laboratories

3011 Malibu Canyon Road

M/S RL-92

Malibu. CA 90265

Phone: (310)317-5210

FAX: (310) 317-5483

Section: Materials Characterization

Max Klein

Booz-Allen & Hamilton

4001 N. Fairfax Drive, Ste 650

Arlington, VA 22203
Phone; (703) 528-8080

FAX: (703)525-3754

E-mail: klein_max_(bal_i)@bah.com

Sy Kraut

SEMI
79 Concolor Avenue

Newton, MA 02158
Phone; (508) 294-5000

FAX; (508) 294-5030

Section: Microelectronics

Chuck Krumm
Hughes Aircraft

2000 East Imperial Highway

P.O. Box 92426

ROl, M/S B533

Los Angeles, CA 90009-2426

Phone: (310) 334-7360

FAX: (310) 334-7353

E-mail: ckrumm@msmail4.hac.com

Section: RF&Microwave

Robert Jones

Motorola, Inc.

Mail Drop K- 10

3501 Ed Bluestein Blvd

AUSTIN, TX 87321

Phone: (512) 933-7237

FAX; (512) 933-5497

E-mail: rxcl80@E-mail .sps .mot.com

Section: Microelectronics

Mark Kryder

Carnegie Mellon University

Data Storage Svstems Center

Electrical & Computer Engineering

Pittsburgh, PA 15213-3890

Phone: (412) 268-3513

FAX: (412) 268-6978

E-mail: margie@gauss.ece.cmu.edu

Section: Mass Storage
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Bob Leheny
ARPA/MTO
3701 North Fairfax Drive

Arlington. VA 22203
Phone: (703) 696-2279

FAX: (703) 696-2201

E-mail: rleheny@arpa.mil

Section: EMWG Member

Dave Look
Wright State University

University Research Center

Dayton, OH 45435
Phone: (513) 255-1725

FAX: (513) 255-3374

E-mail: LOOKD@EL.WPAFB.AF.MIL
Section: Materials Characterization

Joseph Lorenzo

Rome Laborator}'^ / ERO
Hanscom AFB, MA 01731-5320

Phone: (617) 377-2234

FAX: (617) 377-6765

E-mail: lorenzo@rl.af.mil

Section: Photonics

Lynn Lowry
NASA-JPL

^

JPL MS 158-224

4800 Oak Grove Drive

Pasadena, CA 91109
Phone: (818) 354-3372

FAX: (818) 393-1860

E-mail: lynn.e.lowry@jpl.nasa.gov

Section: Microelectronics

Chuck Mattera

2525 N. 12th Street

P.O. 13396

Reading, PA 19612-3396

Phone: (610) 939-3976

EAX: (610) 939-6420

Section: Photonics

Delores McGee
Booz-Allen &. Hamilton

4001 N. Fairfax Drive, Ste 650

Arlington, VA 22203
Phone: (703) 528-8080

FAX: (703) 525-3754

Eugene Meieran

Intel

5000 W. Chandler Blvd.

MS CH2-23
Chandler, AZ 85226
Phone: (602) 554-5146

FAX: (602) 554-5107

E-mail: meieran@sc9.intel.com

Section: Microelectronics

William Mularie

National Media Laboratory

P.O. Box 539

Sevema Park. MD 21 146

Phone: (410) 544-1260

FAX: (410) 544-1373

Section: Mass Storage

Thomas Noll

Foster.Miller, Inc.

350 Second Avenue

Waltham, MA 02154-1 104

Phone: (617) 290-0992

FAX: (617) 290-0693

E-mail: ten@worid.std.com

Section: Module Interconnects

Jim Oakes
Raytheon

Advanced Device Center

362 Lowell Street

Andover, MA 01810

Section: RF&Microwave Electronics

James Opfer

Komag Corporation

275 South Hillview Drive

Milpitas, CA 95035-54 17

Phone: (408) 946-2300

FAX: (408) 263-9449

Section: Mass Storage

Yoon Soo Park

ONR
Code 312, Room 607

800 North Quincy Street

Arlington, VA 222 1 7-5660

Phone: (703) 696-5755

FAX: (703) 696-2611

E-mail: parky@onrhq.onr.navy.mll

Section: Photonics
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Ronald Paulson

Lockheed

Research Lab

3251 Hanover Street

01974) 1/Bldg 201

Palo Alto, CA 94304- 1191

Phone: (415) 424-2098

FAX: (415) 424-3548

Section: Photonics

M. Robert Pinnel

U.S. Display Consortium

50 West San Fernando Street

Suite 920

San Jose, CA 95113
Phone: (408) 277-2493

FAX: (408) 277-2490

E-mail: m.r.pinnel@att.com

Section: Materials Characterization

Wayne Paulson

Motorola

Advanced Products Research &l Development Lab

Semiconductor Products Sector

3501 Ed Bluestein Boulevard

AUSTIN, TX 78721

Phone: (512) 933-5029

FAX: (512)933-6962

E-mail: wavne_paulson@email.sps.mot.com

Section Research Opportunities

Martin Peckerar

Naval Research Laboratories

Code 6860

4555 Overlook Avenue SW
Washington, DC 20375-5347

Phone: (202) 767-2098

FAX: (202) 767-1290

E-mail
:

peckerar@estd .nrl .naw.mil

Section: Microelectronics

Paul Peercy

Sandia National Laboratory

P.O.Box 5800

MS 1079

Albuquerque, NM 87185-1079

Phone: (505) 845-8927

FAX: (505) 844-7833

E-mail: pspeercr@somnet.sandia.gov

Section: Materials Characterization

John PeUegrino

U.S. Army Research Laboratory

AMSRL-S-I
2800 Powder Mill Road

Adelphi, MD 20783-1197

Phone: (301) 394-1375

FAX: (301) 394-2092

E-mail: pell@arl.army.mil

Section: Photonics

John Poate

AT&T Bell Laboratories

600 Mountain Avenue

Murray Hill. NJ 07974
Phoned (908) 582-3462

PAX: (908) 582-1228

Section: Research Opportunities

Fernando Podio

NIST
Computer Systems Lab

Room A61, Building 225

Gaithersburg, MD 20899

Phone: (301) 975-2947

FAX: (301) 216-1369

E-mail: femando@pegasus.ncsl.nist.gov

Section: Mass Storage

Adrian Popa
GM/Hughes
3011 Malibu Canyon Road

Mail Station RL56
Malibu, CA 90265

Phone: (310)317-5209

EAX: (310)317-5234

Section: Photonics

Amar Rai

IBM Microelectronics

1701 North Street

Endicoft, NY 13760-5553

Phone: (607) 757-1409

FAX: (607) 757-1156

Section: Module Interconnects
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Sid Roberts

Sheldahl Inc.

Research &. Development

1150 Sheldahl Road
P.O. Box 170

Northfield, MN 55057
Phone: (507) 663-8272

FAX: (507) 663-8326

Section: Module Interconnects

Tom Russell

NIST
Electronics Sc Electrical Engineering Laboratory

Metrology Building. Room B358
Gaithersburg. MD 20899
Phone: (301) 975-2665

FAX: (301) 975-1091

E-mail: russell@micf.nist.gov

Section: EMWG Member

Eugene Rymaszewski
RPI

Center for Integrated Electronics

Troy, NY 12180-3590

Phone: (518) 276-8659

FAX: (518) 276-8761

Section: Module Interconnects

David Seiler

NIST
Administration Building

AlOOO
Gaithersburg. MD 20899

Phone: (301) 975-6766

FAX: (301) 216-0529

E-mail: sellerd@micf.nist.gov

Section: Materials Characterization

Thomas Shaffner

Texas Instruments

Box 655936
Mail Stop 147

Dallas. TX 75265

Phone: (214) 995-6764

FAX: (214) 995-7785

E-mail: shaffner@resbld.csc.ti.com

Section: Materials Characterization

Henry Simon
Harris-RF Communications Division

1 680 University Avenue

Rochester. NY 14610-9983

Phone: (716) 244-5830

FAX: (716) 244-2917

E-mail: his@rfc.comm.harris.com

Section: EMWG Member

John Simonds
National Storage Industry Consortium

9888 Carroll Center Road
Suite 115

San Diego, 92126-1580

Phone: (619) 621-2550

FAX: (619) 621-2551

Section: Mass Storage

David Smith

Booz-Allen &. Hamilton

4001 North Fairfax Drive

Suite 650

Arlington. VA 22203
Phone: (703) 528-8080

FAX: (703) 525-3754

E-mail: smith_david_g@bah.com

Section: EMWG Member

Louis Stans

Photocircuits

3 1 Sea Cliffs Ave

Glen Cove, NY 1 1542-3629

Phone: (516) 674-1164

FAX: (516) 674-1080

Section: Module Interconnects

Nicole Sudduth
Booz, Allen &. Hamilton

4001 N. Fairfax Drive, Ste 650

Arlington, VA 22042

Phone: (703) 528-8080

FAX: (703)525-3754

E-mail: sudduth_nicole@bah.com
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Bill Swiss

SEMATECH
2706 Montopolis Drive

AUSTIN, TX 78741-6499

Phone: (512) 356-7030

FAX: (512) 356-3081

E-mail: bill.s\viss@sematech.org

Section: Microelectronics

Jeff Tsao

Sandia National Laboratories

Division 1311

P.O. Box 5800

Albuquerque, NM 87185

Phone: (505) 844-7092

FAX: (505) 844-8985

E-mail: i)asao@sandia.gov

Section: Research Opportunities

Charles Tu
University of California. San Diego

Electrical &. Computer Engineering

La Jolla, CA 92093-0407

Phone: (619) 534-4687

FAX: (619) 534-0415

E-mail: ctu@ucsd.edu

Section: Research Opportunities

King-Ning Tu
University of California

Materials Science and Engineering

405 Hilgard Avenue

Los Angeles, CA 90024

Phone: (310) 206-1838

FAX: (310) 206-7353

E-mail: kntu@seas.ucla.edu

Section: Research Opportunities

Laura Turbini

Georgia Institute of Technology

M/S: 0245

Materials Science &. Engineering

778 Atlantic Drive

Atlanta, GA 30332-0245

Phone: (404) 853-9073

FAX: (404) 853-9140

E-mail: laura.turbini@mse.gatech.edu

Section: Module Interconnects

J. Tom Turner

ADI/lsoIa

40 1 Whitney Place

Fremont. CA 94539-7671

Phone: (510) 683-3100

FAX: (510) 657-8855

E-mail:

Section: Module Intercoimects

Kang Wang
UCLA
405 Hilgard Avenue

Los Angeles. CA 90024 1594

Phone: (310) 825-1609

FAX: (310) 206-8495

E-mail: wang@hertz.ee.ucla.edu

Section: Microelectronics

David Watkins
Los Alamos National Laboratory

P.O. Box 1663

MS D429
Los Alamos, NM 87545

Phone: (505) 667-6832

FAX: (505) 665-1292

E-mail: watkins@esa.lanl.gov

Section: Mass Storage

Denis Webb
NRL
Code 6850

4555 Overlook Ave. SW
Washington. DC 20375-5347

Phone: (202) 767-3312

FAX: (202) 767-0455

E-mail: nrl6850@estd.nrl.navy.mil

Section: RF&JvIicrowave Electronics

Richard Webb
University of Maryland

Dept. Of Physics

College Park, MD 20742

Phone: (301) 405-6175

FAX: (301)314-9541

E-mail: rwl00@umail.umd.edu

Section: Research Opportunities
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Phone: (215) 758-1421

FAX: (215) 758-1561

161 Memorial Drive East

Bethleham, PA 18015

Marvin White
Lehigh University

Andy Yang
3041 N. Pollard Street

Arlington. VA 22207

Phone: (703) 243-2231

FAX: (703) 243-2124

Section: EMWG Member
Section: Microelectronics

Max Yoder

Neal Wilsey

Naval Research Laboratory

Office of Naval Research

Code 312, Room 607

Phone: (202) 767-3693

FAX: (202)767-1165

Code 6870

Washington. DC 20375-5347

800 North Quincy Street

Arlington, VA 222 17-5660

Phone: (703) 696-1218

FAX: (703) 696-2611

E-mail: wilsey@bloch.nrl.navy.mil

Section: EMWC Member
E-mail: yoderm@onrhq.onr.navy.mil

Section: RF&jMicrowave

Jerry Woodall
Purdue University

School of Electrical Engineering

West Lafayette, IN 47907

Phone: (317) 494-0732

FAX: (317) 494-6440

Section: Research Opporturuties
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Additional paper copies of this report may be obtained by contacting:

National Institute of Standards and Technology (NIST)

Michael A. Schen

Big 224, Room B320, Gaithersburg, MD 20899

tel. (301) 975-6741; FAK (301) 869-3239

michael.schen@nist.gov

or

National Technical Information Service (NTIS)

5285 Port Royal Road, Springfield, VA 22161

tel. (703) 487-4650

http;//www.fedworld.gov/ntis/ntishome.html

This document may also be obtained through the World Wide Web
at the following Internet addresses.

National Institute of Standards and Technology (NIST)

Materials Science and Engineering Laboratory

http://www.msel.nist.gov

or

Advanced Research Project Agency (ARPA)
Electronics Subcommittee

http;//esc. sysplan.com/esc/index.html.




