BTy nap ednlcatalog/S A himl

We ship printed books within 1 business day; personal PDFs are available immediately.

Materials for High-Temperature Semiconductor
Haterials Tor Devices

Kigh-Temperaluie . . .
<enictaductsl Committee on Materials for High-Temperature

Berices Semiconductor Devices, Commission on Engineering
Se—— o ( Technical Systems, National Research Council

ISBN: 0-309-59653-X, 136 pages, 8.5 x 11, (1995)
This PDF is available from the National Academies Press at:

http-/mnn nap edu/catalog/5023 html

Visit the National Academies Press online, the authoritative source for all books
from the National Academy of Sciences, the National Academy of Engineering,
the Institute of Medicine, and the National Research Council:

e Download hundreds of free books in PDF

Read thousands of books online for free

Explore our innovative research tools — try the “Research Dashboard” now!
Sign up to be notified when new books are published

Purchase printed books and selected PDF files

Thank you for downloading this PDF. If you have comments, questions or
just want more information about the books published by the National
Academies Press, you may contact our customer service department toll-
free at 888-624-8373, visit us online, or send an email to
feedback@nap.edu.

This book plus thousands more are available at http://www.nap.edu.

Copyright © National Academy of Sciences. All rights reserved.

Unless otherwise indicated, all materials in this PDF File are copyrighted by the National
Academy of Sciences. Distribution, posting, or copying is strictly prohibited without

written permission of the National Academies Press. Request reprint permission for this book.

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine



http://www.nap.edu/catalog/5023.html
http://www.nap.edu
http://www.nas.edu/nas
http://www.nae.edu
http://www.iom.edu
http://www.nationalacademies.org/nrc/
http://lab.nap.edu/nap-cgi/dashboard.cgi?isbn=0309068371&act=dashboard
http://www.nap.edu/agent.html
http://www.nap.edu
mailto:feedback@nap.edu
http://www.nap.edu
http://www.nap.edu/v3/makepage.phtml?val1=reprint
http://www.nap.edu/catalog/5023.html

emiconductor Devices

Semiconductor Devices
Committee on Materials for High-Temperature Semiconductor Devices
National Materials Advisory Board
Commission on Engineering and Technical Systems
National Research Council
NMAB-474
National Academy Press
Washington, D.C. 1995

Materials For High-Temperature

‘uonnguile o} UoISISA aAlelIoyIne ay) se uoneolignd sy} Jo uoisiaa juud sy} asn
asea|d ‘pauasul Ajjejuaplooe uaaq aAey Aew siolid olydeibodAy swos pue ‘paulelal ag jouued ‘Janamoy ‘Bunewloy oyoads-buiasadAy Jayjo pue ‘sejAis Buipeay ‘syealq piom ‘syibus| aull ‘eulbo ay) 0y
anJ) ale syealq abed "sa|i} BumesadA) jeuiblio ay) woly Jou ‘yooq Jaded [euiblLo ay) wolj payeald saji JAX Wwol pasodwodal usaqg sey yiom jeulblio sy} Jo uonejuasaidal [e)bip mau syl 8 4dd SIUl Inoqy

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
Q.
>
Z
T
£
=
2
(@]
[}
<
£
IS
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
£
©
]
o
®
[
o
o
2]
O
=
—
s
<
IS
(]
o
£
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

jconductor Devices

NOTICE: The project that is the subject of this report was approved by the Governing Board of the National Research Council, whose mem-
bers are drawn from the councils of the National Academy of Sciences, the National Academy of Engineering, and the Institute of Medicine.
The members of the committee responsible for the report were chosen for their special competencies and with regard for appropriate balance.

This report has been reviewed by a group other than the authors according to procedures approved by a Report Review Committee con-
sisting of members of the National Academy of Sciences, the National Academy of Engineering, and the Institute of Medicine.

This study by the National Materials Advisory Board was conducted under ARPA Order No. 8475 issued by DARPA/CMO under Con-
tract No. MDA 972-92-C-0028 with the U.S. Department of Defense and the National Aeronautics and Space Administration.

The views and conclusions contained in this document are those of the authors and should not be interpreted as representing the official
policies, either expressed or implied, of the Defense Advanced Research Projects Agency or the U.S. Government.

Library of Congress Catalog Card Number 95-70760
International Standard Book Number 0-309-05335-8

Available in limited supply from:
National Materials Advisory Board
2101 Constitution Avenue, NW
Washington, D.C. 20418
202-334-3505

nmab@nas.edu

Additional copies are available for sale from: National Academy Press 2101 Constitution Avenue, NW Box 285 Washington, D.C. 20055
800-624-6242 202-334-3313 (in the Washington Metropolitan Area)

Copyright 1995 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
Q.
>
Z
T
£
=
2
(@]
[}
<
£
IS
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
£
©
]
o
®
[
o
o
2]
O
=
—
s
<
IS
(]
o
£
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

jconductor Devices

ABSTRACT iii

Abstract

Major benefits to system architecture would result if cooling systems for components could be eliminated without
compromising performance (e.g., power, efficiency, and speed). The existence of commercially available high-temperature
semiconductor devices would be an enabling technology in such areas as sensors and controls for aircraft, high-power
switching devices for the electric power industry, and control electronics for the nuclear power industry. This report surveys
the state of the art for the three major wide bandgap materials for high-temperature semiconductor devices (i.e., silicon
carbide, the nitrides, and diamond); assesses the national and international efforts to develop high-temperature
semiconductors; identifies the technical barriers to their development and manufacture; determines the criteria for
successfully packaging and integrating new high-temperature semiconductors into existing systems; recommends future
research priorities; and suggests additional possible applications and advantages.
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PREFACE vii

Preface

Just as human operators must be protected from extreme environments, so must the electronics that operate and control a
functional system. When the environment proves too warm, the electronics must be insulated, refrigerated, or simply moved
to cooler locations. This last option is sometimes very difficult, or impossible, and the perceived fragility of electronics must
then be reconsidered. Vacuum-tube technology provides a historical example of this process. Although vacuum tubes may be
considered mechanically fragile, tube-based radio proximity fuses were nevertheless incorporated into artillery shells over 50
years ago! More recently, well-logging electronics derived from available semiconductor technology have been forced to
operate for prolonged periods at 300 °C, far exceeding the "standard" limit of 125 °C that appears on uncounted specification
documents. When the requirement is unavoidable and the motivation is high (e.g., commercial or military advantage),
"accepted" temperature limits need not be accepted.

There is a huge difference between what can be done in principle and what should be undertaken in practice, however. If
the question were to be asked "if a family of proven high-temperature electronics functions (for the moment meaning
anything higher than 125 °C) were suddenly to become available, would its ultimate economic value justify the cost of its
development," the answer is likely to be YES. This position is further strengthened by the fact that the shared virtues of
radiation hardness, power handling, and blue-light emission represent an important leverage for the development of high-
temperature semiconductors . However, if the question were "is there already a market for high-temperature electronics
sufficient to justify development of all or part of the family function," the answer may not be so clear. In all the processes of
our economy, there are currently few in which insertion of electronics into such environments is absolutely required to
achieve acceptable functionality. Recognizing that a human operator can usually be protected and that a central controlling
computer is easier still to protect, the determination of whether the benefits of high-temperature electronics will justify the
cost requires the examination of how products and processes might be improved, or even enabled, by high-temperature
electronics.

The use of distributed control network architectures and embedded processors is rapidly growing. In a crude biological
analogy, an animal is more agile, efficient, and durable when its nervous system (sensor signal processing), skeleton
(physical structure), and muscular system (actuator operation) are integrated. Electronics are integrated into systems for
several reasons: (1) to simplify control paths, thereby simplifying wiring complexity, reducing weight, and improving
reliability; (2) to distribute control, allowing robust system reliability and system architecture simplification; (3) to permit
operational information to be gathered and processed with greater speed, accuracy, and reliability; and (4) to control
actuators. For systems that encounter or generate high temperatures, this integration, or entwining, demands that electronics
work at, or near, their functional temperature limit; the more intimate the integration, the greater the environmental stress.

Copyright © National Academy of Sciences. All rights reserved.
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PREFACE viii

If the economic value of extended-temperature electronics justify its cost, a natural question arises: "since the possibility
of high-temperature electronics has been known for decades and the need is so great, why wasn't this done some time ago?"
Although there can be no definitive answer to this question, there have been two historical barriers to the development of
high-temperature electronics.

First, the functions and performance goals of most familiar complex electronic systems (e.g., telecommunications and
computers) are defined and measured in purely electronic terms. Thus, although it can be elaborate and expensive, the need
for heat protection is viewed as an unavoidable element of system design, rather than of function.

Second, nonelectronic systems (e.g., turbine engines, nuclear reactors, chemical refineries, and metallurgical mills) are
operable without embedded electronic systems. Since the electronic function is not the defining element of these systems and
extend-ed-temperature electronics are not available as a robust off-the-shelf technology, many prospective customers will not
usually consider such systems. Thus, although cognizant of the architectural advantages of high-temperature electronics,
prospective developers have not perceived a general commercial market sufficient to justify aggressive development.

Even with these barriers, however, considerable international resources are currently being devoted to developing
electronic technologies either tailored for or supportive of high-temperature operation. There is a divergence in the central
emphases of these efforts.

» United States—Much of the focus is on high-temperature electronics. One manufacturer markets a family of silicon-
based integrated circuits suitable for prolonged operation at 250 °C, derived in part from radiation-hardened
technologies developed for military applications. Silicon-carbide-based devices are being developed for some
control applications and rudimentary diamond-based devices have been demonstrated. Radiation-hardened
electronics for reactor control and waste monitoring are avidly sought in both the United States and Europe. The
large bandgap and smaller neutron cross sections of the lighter elements in high-temperature semiconductors also
translate to radiation damage resistance. There are approximately seven industry, three university, and two national
laboratory programs currently active in the high-temperature semiconductor field. The committee was briefed by
representatives of most of these programs, which are listed on pages vi and vii. There is also some funding of wide
bandgap semiconductors for use in high-power devices (e.g., the Semiconductor Research Corporation program at
Purdue University).

* Europe—Effort is mainly focused on power electronics. This is synergistic with high temperature because the
generation of internal heat is a limiting factor in power devices and is mitigated by larger bandgap and higher
thermal conductivity materials. A collaborative organization, HITEN, was formed in 1992 to coordinate European
nascent efforts in high-temperature electronics.

— Sweden—Approximately 55 people are engaged in research at Linkoping University and Kista in Stockholm.
This is a joint government-ABB industries effort on power electronics, the first goal of which is a 12 kV thyristor.

— Germany—The Deutsche Forschungs Gemeinschaft (DFG) sponsors several universities with Interdisciplinary
Research Grants for silicon carbide (SiC). Primary among these are the University of Erlangen-Niirnberg and the
Friedrich Schiller University in Jena, which are concentrating on novel growth techniques and electrical and
optical measurements. Siemens Research Laboratories in Erlangen, however, are concert
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trating on power devices, as is Daimler-Benz in Frankfurt for electric cars. These laboratories as well as several
collaborating universities (i.e., Regens-burg, Erlangen-Niirnberg, TH Aachen, Ilmenau, and Fraunhofer Institut
fur Angenwandte Festkorperphysik in Freiburg) have large BMFT contracts for the development of SiC power-
devices.

— France—At least 10 university laboratories as well as LETI-Grenoble and Thomson CSF (Paris) have
government funding for SiC high-frequency and other devices.

+ Japan—The committee was unable to discover critical details about the industrial involvement of Japanese
companies in SiC development. However, emphasis appears to be on opto-electronics with occasional mention of
high-temperature applications for the automotive and aerospace industries. Optical data transmission rates and
storage densities are enhanced by the use of shorter wavelength laser light, which is synergistic with high-
temperature work because it requires larger bandgap semiconductors. However, the 1994 domestic Japanese SiC
conference drew 160 participants, many of whom were interested in power devices. In the nitrides (i.e.,
galliumnitride, gallium-indium-nitride) light sources, Nichia Chemical is producing a 3 percent efficient blue light-
emitting diode. The interest in Japan in large bandgap semiconductors for opto-electronics purposes is highly
visible, but an interest for power electronics is growing. Japanese universities that are active in SiC are the
University of Kyoto, the Kyoto Institute of Technology, Osaka University, and the Electrotechnical Laboratory in
Tsukuba. Nitrides research is also being pursued at Nagoya University.

Against this assessment of the national and international efforts to develop high-temperature semiconductors, the goals
of this study are to (1) identify the technical barriers to the development and manufacture of high-temperature semiconductor
materials; (2) determine the criteria for successfully packaging and integrating new high-temperature semiconductors into
existing systems; (3) recommend future research priorities; and (4) suggest additional possible applications and advantages.

The report is structured as follows. Chapter 1 discusses the need for high-temperature electronics. Chapter 2 reviews the
state of the art of wide bandgap materials. The fundamental limit to high-temperature operation is the energy of the
semiconducting bandgap of the host material. By this measure, even silicon with its "small" bandgap (1.1 eV) is not widely
used near its limit of 300 °C (silicon as a high-temperature material is discussed in Appendix A). Although the technology has
not been optimized for high temperature and there are concerns about its chemical stability, gallium arsenide (1.4 eV) does
offer the prospect of significantly higher temperature in a mature technology (gallium arsenide is discussed as a high-
temperature semiconductor in Appendix B). Alternative materials for yet higher temperatures must be selected with care;
larger gap is necessary but not sufficient. Sulfide semiconductors have large bandgaps but decompose at high temperatures.
Thus, Chapter 2 reviews the state of the art of materials alternatives for which the prospect of robust high-temperature
operation has been confirmed. These include SiC (2.4-3.3 eV depending on polytype), gallium nitride (3.5 eV), aluminum
nitride (6.2 eV), boron-nitride (>6.4 eV), and diamond (5.4 eV). Chapters 3-6 discuss generic, technological issues related to
the design, fabrication, packaging, and testing of high-temperature circuits and devices (specific case-studies are presented in
Appendix C). These chapters contain common elements that must be established for any high-temperature electronics
technology to be possible. Chapter 7 presents recommendations as to how to overcome critical hurdles on the path to a family
of robust high-temperature electronic devices.
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EXECUTIVE SUMMARY 1

Executive Summary

Electronics that operate and control functional systems must currently be protected from extreme environments. Major
benefits to system architecture would result if cooling systems for electronic components could be eliminated without
compromising system performance (e.g., power, efficiency, speed). The existence of commercially available high-
temperature semiconductor devices would provide significant benefits in such areas as:

» sensors and controls for automobiles and aircraft;
* high-power switching devices for the electric power industry, electric vehicles, etc.; and
« control electronics for the nuclear power industry.

With the possible exception of light-emitting diodes (LEDs), however, present commercial demand for wide bandgap
semiconductor materials is limited. While there are few pressing applications that cannot be achieved without wide bandgap
materials, the vast array of applications, and hence, the value, will only be realized once these materials have evolved to such
an extent that off-the-shelf devices are available.

At the request of the U.S. Department of Defense and the National Aeronautics and Space Administration, the National
Materials Advisory Board of the National Research Council convened the Committee on Materials for High-Temperature
Semiconductor Devices to assess the national and international efforts to develop high-temperature semiconductors; to
identify the technical barriers to their development and manufacture; to determine the criteria for successfully packaging and
integrating new high-temperature semiconductors into existing systems; to recommend future research priorities; and to
suggest additional, possible applications and advantages.

This Executive Summary is divided into two sections. The first section presents general conclusions and
recommendations about future research priorities to accelerate the acceptance of high-temperature semiconductor materials.
This section discusses the temperature ranges for the different materials to be used, the competitiveness of U.S. research
versus foreign competition, the systems in which high-temperature electronic materials should initially be introduced, and the
government/industry/university collaborations required to forward the development of high-temperature semiconductor
materials. The second section discusses the barriers to the successful development, manufacture, packaging, and integration
of wide bandgap materials into existing systems and presents the key research and development priorities to overcome these
barriers.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

Temperature Ranges

Silicon and silicon-on-insulator electronics may be sufficient for some applications for temperatures up to 300 °C. Such
applications include digital logic, some memory technologies, and some derated analog and power applications. Silicon-
based technology will not be sufficient for many applications operating in the 200-300 °C range, however, such as power-
conditioning devices in higher-temperature control systems. These devices will have to be produced from another material
system. Based on the evidence presented in this report, silicon-carbide-based devices are currently in the best position to
meet this need, particularly n-channel enhancement-mode metal-oxide semiconductor field effect

Copyright © National Academy of Sciences. All rights reserved.
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transistors (MOSFETs). However, significant technological barriers, such as micropipes, oxide quality, contacts,
metallization, packaging, and reliability evaluation still need to be further addressed.

As a result of fundamental limitations, silicon-based technologies will not be useful at temperatures above 300 °C. Other
materials must be used for these temperature ranges, but the choices are somewhat less clear. Technology based on gallium
arsenide (GaAs) might be used for systems operating up to 400 °C. Just working at elevated temperatures is not the only
concern, however. It is also essential that the devices reliably function over a wide range from very cold (i.e., -20 °C) to very
hot (i.e., 400 °C). Based on the evidence presented in this report, devices based on n-type silicon carbide (SiC) are the only
type that currently appear to meet the temperature-range and reliability requirements, but additional development is needed .
Eventually, high-temperature electronic technology could be developed for reliable operation even for temperatures above
600 °C.

U.S. Competitiveness

As described in the Preface, considerable international resources are currently being devoted to developing electronic
technologies either tailored for or supportive of high-temperature operation. The United States is focusing most of its efforts
on high-temperature applications and currently has a slight lead in SiC research.

Europe appears to be increasing its effort in wide bandgap materials, especially for power electronics. This research area
is synergistic with high-temperature applications because the generation of internal heat is a limiting factor in power devices
and can be mitigated by larger bandgap and higher thermal conductivity materials. The dedication of European resources to
this area is seen in the founding of the collaborative organization HITEN, which was established in 1992 to coordinate
nascent European efforts in high-temperature electronics.

Japan is emphasizing the use of wide bandgap materials for opto-electronics and leads in the use of nitrides for light
sources. Japan is also becoming interested in power and high-temperature applications. Unfortunately, the closed nature of
Japanese industry made it difficult for the committee to determine the true level of interest in wide bandgap materials
research. The increased interest in high-power, high-temperature applications is evident in Japan's annual domestic SiC
conference, however. The Third Domestic (Japan) SiC Conference convened in Osaka on October 27-28, 1994, with
approximately 160 experts in attendance. Contrary to Japan's previous two conferences, there was a greater emphasis at the
Osaka conference on high-power, high-temperature applications than on LEDs.

The Commonwealth of Independent States had a number of major programs in SiC development, but the current
financial difficulties of most of the Commonwealth's institutions are preventing many laboratories from continuing their
research. There is a wealth of expertise and information available for leveraging by other countries, however. For instance,
the European Community is planning on supporting a SiC growth effort in St. Petersburg (Y.M. Tairov and V.E. Chelnekov,
personal communication, 1994).

The committee believes that the U.S. wide bandgap materials research community is currently very competitive in the
international research community. To remain competitive in the international research community, the committee
recommends that demonstration technologies be pursued to motivate further research and increase interest in high-
temperature semiconductor applications.

Demonstration Technologies

To increase interest and motivate further research in wide bandgap materials, a realistic, inspiring application focus
must be found that can make system designers aware of the benefits of high-temperature electronics. A wide bandgap
transistor that operates at 150 °C will not drive the technology because it will be in direct competition with the more
economically efficient silicon technologies. The demonstration technologies must be system circuits (i.e., not an individual
device) that can be inserted into essentially nonelectronic systems (e.g., turbine engine, nuclear reactor, chemical refinery, or
metallurgical mill) with the goal of measurably increasing system performance.

As discussed in Chapter 1, the committee believes that there eventually will be a niche market for semiconductors with
temperature capabilities higher than that of silicon, and that this market will be sufficiently large to justify the cost of
development. However, this belief is tempered by the recognition that because such

Copyright © National Academy of Sciences. All rights reserved.
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electronics will be used in new ways there is little immediate demand. The market will grow only in synergy with the
availability of components. This suggests that development of high-temperature electronics not be undertaken in isolation.
Instead, such development can and should be leveraged from development of other technologies with more immediate
applications, thus reducing the costs and risks of both. Three suitable application areas are high-power electronics, nuclear
reactor electronics, and opto-electronics.

Power switching devices, for example, would be a good demonstration technology for high-temperature semiconductor
materials. High-voltage, high-power electronics, while not necessarily used as high-temperature devices, nevertheless need
wide bandgap semiconductors because of their superior breakdown voltages and high thermal conductivities. There is already
considerable research being pursued in this area because (1) improved high-power switching devices could save an estimated
$6 billion in the cost of construction of additional transmission lines; and (2) the smoother, more efficient use of the
transmission system would reduce the need for new generating capacity, which the Electric Power Research Institute
estimates would be a savings of $50 billion in North America alone over the next 25 years (Spitznagel, 1994).

The pursuit of demonstration technologies would not only increase interest in wide bandgap materials, it would also
provide significant test beds for the application of the technology and enhance our understanding of the generic technologies
required to further high-temperature-device operation (e.g., materials etching and implantation; degradation modes of
metallic gates, contacts, and interconnects at high temperatures; packaging behavior at high temperatures; and accelerated-
testing and reliability-testing methodologies to ensure proper functioning). The ability to grow a reasonably defect-free
material is not the only requirement for the realization of a successful technology. The development of demonstration
technologies would also help identify other factors that must be resolved for high-temperature electronics to be incorporated
into existing systems.

Funding Strategy

The need for new development funds for demonstration technologies and future wide bandgap materials is not necessary
in the committee's opinion. Government funding currently exists for long-range research in wide bandgap materials, although
additional funding would certainly allow more options to be evaluated within a shorter period of time. Industry has also
demonstrated a willingness to commercialize new developments if the projected payback to their investments can occur
within the short term (NRC, 1993). The committee believes that the high-temperature research community should leverage
the research funding for wide bandgap materials that is currently being provided by the high-power and optics markets,
where no viable alternatives to wide bandgap materials currently exist. Building on the funding for other areas dependent on
wide bandgap materials reduces the need for potential users of high-temperature devices to fund the required materials
development exclusively and, thus, may render it cost effective.

The committee recommends the following strategy for the development of wide bandgap materials:

» develop precompetitive alliances and integrated programs (national laboratories, universities, and industries) for
coordinating research, technical skills, and capabilities to expedite research in the most efficient manner;

+ direct research at a technology demonstrator that has definite applications (i.e., is a product) and addresses the
usually neglected areas of packaging, assembly, testing, and reliability (e.g., high-power switches; integrated motor
control; power phase shifter);

 concurrently develop materials, design, testing, and packaging; and

* build and test the demonstration component on a cost-share basis that encourages teaming, ensures adequate funds,
and requires periodic deliveries.

The committee believes that the founding of a newsletter that provides a summary of published worldwide developments
in high-temperature semiconductor research would assist the establishment, development, and maintenance of (1) a
Sfundamental longterm materials effort, (2) an infrastructure within the industry, (3) a group to monitor international
development, and (4) a U.S. information group for highlighting advances.

Copyright © National Academy of Sciences. All rights reserved.
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MATERIALS-SPECIFIC CONCLUSIONS AND RECOMMENDATIONS

The first three parts of this section concentrate on the major wide bandgap materials discussed in this report: SiC,
nitrides, and diamond. The final part of this section concerns the generic problems in packaging that will affect the
production of all high-temperature electronic devices.

Silicon Carbide

SiC is an indirect bandgap semiconductor and has enjoyed the longest history and greatest development with regard to
both materials growth and device realization. As such, SiC is currently the most advanced of the wide bandgap
semiconductor materials and in the best position for near-term commercial application. Its main application will be in high-
power, high-temperature, high-frequency, and high-radiation environments. It will not be suitable for blue lasers or ultraviolet
light emitters, however, except as a potential substrate material. The three key research efforts for the development of
commercially viable SiC devices are:

»  Wafer production: The 1- and 2- inch SiC wafers now in production are rapidly approaching device quality where
they might be used for commercial production of devices and circuits with acceptable yield. It could be argued that
such small-wafers are entirely sufficient for what will be a relatively small market (compared with silicon) with a
very high-price premium, and therefore an early investment in larger wafers is not justified. However, the entire
commercial infrastructure for electronics manufacture is based on a wafer size of at least 3 inches, and preferably 4
inches, as a minimum. Reconstructing a small-wafer infrastructure that became obsolete over 30 years ago will be
both an expense and an obstacle to the introduction of commercial SiC electronics. The committee believes that the
development of larger SiC wafers is viewed as the more cost-effective approach to commercial development.

* Film growth: Chemical vapor deposition, molecular-beam epitaxy, and other film-growth technologies and
chemistries require refinement to produce epitaxial films with n- and p-type doping ranges from 10'3 to 10?° ¢cm™3
for nitrogen, aluminum, boron, gallium, transition metals, and rare earth elements.

*  Manufacturing processes: Lower-cost device-production methods are required to make the manufacture of SiC
devices more competitive with the silicon technologies.

Nitrides

Interest in the direct bandgap nitride materials (i.e., gallium nitride, aluminum nitride, aluminum gallium nitride, and
indium gallium nitride) has dramatically increased recently because of their optical properties. The materials show great
promise and are likely to dominate the visible and ultraviolet opto-electronics market. Nichia's recent bright blue LEDs have
already stimulated increased industrial effort (e.g., Hewlett Packard, Spectra Diode Laboratories, Xerox PARC) in materials
growth, contact metallurgy and reliability, and device reliability and testing, although the materials have defect densities of
greater than 10'%cm? and the mechanism of photo emission is currently unknown. Heterojunctions in the nitrides also hold
promise for higher-speed devices compared with SiC. Their applicability for power development and high-frequency devices
is unproven at this time, and the technologies for wafer production, doping, and etching are currently less developed than SiC
and require more longer-term research before they will be competitive with other electronic materials. However, as
development of photonic applications for wide bandgap materials progresses, the opto-electronic market may provide an
effective way to leverage the development of these materials for high-temperature-device applications. The committee
identified the following three research efforts as being key to the development of nitride devices:

* Compatible substrates: Better-matched substrates are required for nitride wafer production to be commercially
tenable.

*  Wafer production: Growth of quasi-crystalline films of gallium nitride, aluminum gallium nitride, and aluminum
nitride should be pursued on substrates such as SiC to gain thermal advantages.

Copyright © National Academy of Sciences. All rights reserved.
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* Doping: Methods for both n- and p-type doping of Group III nitrides are required.

Diamond

Diamond is a well-understood material, but its use for active electronic device applications is not feasible at this time
because of the difficulties associated with its economical growth and doping. While diamond transistors have been designed,
fabricated, and tested, their performance is also orders of magnitude less than that which is expected from the electrical
properties intrinsic to diamond. The poor performance is thought to result from excessive nitrogen impurities and from as yet
not fully explained surface-depletion effects. The current prognosis for diamond is primarily as a protective coating, a
thermal management film, and a material for electron-emitting cathodes.

Packaging

Much more research is required in the area of high-temperature packaging. For high-temperature electronics to be
commercially viable and provide true performance advantages, interconnection and packaging technologies are required
that can reliably operate at temperatures up to 600 °C for 10* hours. To attain these goals, innovative packaging techniques
will be required. The three key research efforts for the development of high-temperature packages are:

* Metallization: Contacts are required in the 10 to 10”7 Q/cm? range that have long-term durability at temperatures
up to 600 °C. Greater understanding is needed of the long-term effects of high temperatures on contact and
interconnect metallurgy, degradation and failure modes, reliability, and interfaces.

» Device reliability and aging testing: Existing methods of accelerated, environmental-life testing of packages must
be adapted for high-temperature applications to ensure the accurate assessment of device reliability and aging.

*  Computer-aided design tools: Computer-aided design tools are required that incorporate electrical and mechanical
simulation of high-temperature electronic systems.

Copyright © National Academy of Sciences. All rights reserved.
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1

Background

Trying to enumerate systematically all the possible applications for new high-temperature electronics would be a futile
endeavor. Rarely are all of the conceivable uses for any new technology obvious. The committee was able to identify only a
few eager potential users that currently have active programs that require higher-temperature electronics. Several more
applications are under consideration but are not in active development. Any group of technologists could generate a much
larger list of plausible applications. However, while these applications might seem reasonable to enthusiasts of high-
temperature electronics, they may not be realistic options to the prospective customers for this new technology. Furthermore,
just as for the microprocessor (or any number of other new technologies, such as the laser), a much larger array of "enabled"
applications is likely to evolve if, and when, a proven off-the-shelf technology becomes a viable option in engineering new
products and systems. Rather than generating one more speculative list, a few of the better-defined applications are described
in this chapter, supplemented with more generic descriptions of environments and applications for high-temperature
electronics.

The largest possible range of applications can be anticipated by means of three surveys. The first survey is a traditional
list describing applications ranging from programs in progress, through speculative system designs, to what amounts to a few
responses to the question: What might be done differently if cost-effective high-temperature electronics were available? A
systematic estimate of the economic value of high-temperature electronics was not attempted by this committee, but expert
estimates that are available are included in this survey. The second survey classifies the types of environment that might be
encountered by electronics and then associates some of the previously identified applications with each environmental type.
In principle, a general classification of all possible operating environments would automatically describe the environments
associated with all possible applications, including those not yet conceived. The third survey again uses the list of identified
applications to give a sense of the capabilities that might be needed as a function of temperature. Although the first survey is,
by definition, incomplete and the second and third are hardly more than intellectual exercises, together they give a strong
sense of the potential industrial and economic importance of high-temperature electronics.

SURVEY I: APPLICATIONS OF HIGH-TEMPERATURE ELECTRONICS BY INDUSTRY

Automotive

The automotive industry is often cited as the primary near-term market for high-temperature electronics. While the
automotive environment is stressful to electronic systems, the stress is rarely in the form of simple heat. Conventional vehicle
architectures with an open-bottomed front engine compartment, generous underhood and underbody airflows, a metal heat-
dissipating body and frame structure, and access to a water-cooling circuit leave very few locations within a vehicle that
regularly achieve temperatures significantly above 100 °C. These locations are mainly near the exhaust system or brakes and
can usually be avoided. Occasional problems with reliability due to high temperatures (as high as 150 °C) have been
addressed by combinations of heat shielding, redirected airflow, blowers, or simple component relocation. Except for rare
cases of architectural errors, the major challenge to reliability of automotive electronics is the combination of rapidly
changing environmental

Copyright © National Academy of Sciences. All rights reserved.
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stresses (temperature and humidity cycling), exposure to corrosives and solvents, and an economic mandate for low-cost
packaging. With careful attention to device and circuit layout, wire-bond and lead-frame integrity, choice and use of polymer
packaging materials, and strict process control, automotive electronics actually meet or exceed military specifications at a
small fraction of the cost and in huge volumes (Motz and Vincent, 1984; Dell'Acqua and Marelli, 1990; Frank and Valentine,
1990).

Despite the illusion of a comfortable status quo, four trends are forcing major changes in the approach to automotive
electronic component and system design. First, even with current vehicle architectures, customer expectations of reliability
continue to rise. Flawless performance for 10 years or 150,000 miles will soon be standard. Second, the electronics content of
modern automobiles is rising rapidly, both in convenience features (e.g., heads-up display and navigation systems) and in the
management of powertrain and suspension systems. Figure 1-1 is a diagram of a hypothetical drive-by-wire system with
computerized traction control, steering, and suspension. The amount of sensing, signal processing, data transfer, system
control, and power actuation is very large. A few elements of this system (e.g., semi-active suspension, antilock brakes, and
traction control) are currently in the marketplace. Multiplex wiring will soon be standard in motor vehicles. While easing the
transfer of information and reducing wiring weight and complexity, multiplex wiring dictates the location of quite complex
nodes in many hostile locations. Third, the physical architecture of the vehicle itself is changing. Improved aerodynamics
dictates more compact flowing shapes with less internal airflow, which forces denser packaging of the powertrain and
exhaust systems. Serious consideration is being given to sealing the engine compartment and moving the radiator to the rear
of the vehicle. Fourth, replacement of metal body and frame components with composites of much lower thermal
conductivity will eliminate many safe havens for electronics. This is not so much a trend to higher temperature as a trend
toward more uniform temperature; locations near 100 °C may disappear while those between 150 °C and 200 °C will remain
plentiful. Nevertheless, solutions that evolved for the current, more open, steel-based architecture may not serve in the hotter
environments of future vehicles.

Bgrvnd mo parmi b LAE Pagar BUVEDD
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Figure 1-1

Schematic of a hypothetical drive-by-wire system for an automobile with computerized traction control, steering,
and suspension.

Source: Rivard (1986).

Power electronics are also rapidly proliferating in automobiles (Thornton, 1992; Bose, 1993). Figure 1-1 indicates
several systems that include high-power actuators. Full, active suspension requires several tens of kilowatts. Electric and
hybrid-electric vehicles are totally dependent on power electronics for efficient operation of motor and braking systems.
There are two types of high-temperature issues for power electronics.

First, in conventional combustion-powered vehicles, the electronics must be placed somewhere that is preferably near or
within the device they control. Safe, cool locations have become scarce, however. For example, the drivers for electric, active
front-suspension components share the underhood environment, while the flywheel-mounted motor and alternator for torque
leveling are cooled only by the engine oil and may reach 300 °C! For electric and hybrid vehicles, the wiring weight, resistive
losses, and radio frequency emissions are minimized by placing the power electronics within the motor housing. To minimize
weight, these motors are sized such that they may produce several times their continuous-service power for periods of several
seconds. This translates to a rapid temperature rise that is currently limited to 180 °C only by the magnetic properties of the
permanent magnet rotor. Integral power electronics must survive repeated and rapid excursions to at least this temperature.

Copyright © National Academy of Sciences. All rights reserved.
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Second, power devices generate considerable internal heat. This heat must be dissipated to prevent thermal runaway
(i.e., when heat generated increases with temperature) and destructive failure. In many locations, a cool-sink for large
amounts of heat is unavailable. Although active cooling is always an option, a power-device technology immune to thermal
runaway is highly desirable. The smaller package size afforded by a higher-temperature technology is of considerable value
on its own in terms of thermal management.

In summary, two clear needs can be identified for automotive electronics. First is the need for a low-cost, highly reliable
technology for operation at an intermediate temperature (perhaps 200 °C). This need might be served by modification of
current silicon-based technology. Second is the need for power electronics able to function in elevated ambient temperatures
with restricted heat-sinking. As current silicon-based power technology is largely limited by internal heat generation, a
switch to a wide bandgap semiconductor is dictated.

Aerospace

Gas Turbine Engines

High-temperature electronics are essential to the development of multiplexed systems for gas turbine engine control
(Nieberding and Powell, 1982). In present control systems, all electronics are centralized in a protected area that is cooled
with ambient air or fuel. This architecture has proven satisfactory for some time, but, as the requirements for engine control
become increasingly complex, the wire harness and connectors associated with point-to-point architecture have become
major weight and reliability issues. Some wire harnesses weigh over 150 pounds, and every connector is a point of system
vulnerability. A solution to this problem is to introduce a multiplexed architecture in which wire harnesses are replaced with
common busses, a change that demands high-temperature electronics.

The Air Force Integrated High-Performance Turbine Engine Technology Program is a multiphase project aimed at
achieving increased thrust, 50 percent weight reduction, fault-tolerant control, and system integration of military aircraft
engines. A key element in this program is the development of higher-temperature electronics. The environments for
electronics in an aircraft engine cover a wide range for some potential sensors: 175-800 °C. Early phases of the project call
for electronics and optics for operation at 175 °C, while an intermediate phase calls for 250 °C. The final phase of the
program anticipates heat-sink temperatures as high as 350 °C. Specifications for commercial engines are not yet available but
are likely to be similar (Skira and Agnello, 1992; Tillman and Ikeler, 1992). Some of these temperatures are suitable for
devices based on silicon technology, while others lie beyond that currently anticipated for any electronics technology. While
it is neither desirable nor cost effective (and maybe impossible) to construct the whole system to survive the highest
temperatures, any increase in operating temperature offers a corresponding increase in design flexibility.

Other Aerospace Applications

Engines demand the highest temperature requirements for current aircraft, but temperature requirements will rise in
many other critical areas as vehicle speed increases. A recent example is the control of the engine inlet guide vane for the
high-speed civil transport, which requires that the moderately complex electronics driving the guide vane actuators operate
for prolonged periods at 200 °C.

In high-performance or heavily electronics-laden aircraft (today almost the same thing), a generic problem appears: as
speed—and therefore heat generation—and altitude increase, the ability to dissipate waste heat into the atmosphere decreases
(Christenson, 1991). Locations in the aircraft that remain below 125 °C or that can be conveniently reached by the cooling
system cannot be found. Many electronics systems, including avionics, radars, and communications equipment, must be
derated in performance to maintain even the minimal acceptable reliability at the margins of their operating ranges. Fuel is
often used as the medium for heat transfer within the aircraft, but some fuel must then be kept in reserve as essentially dead
weight and, when cooling to outside air is insufficient, the fuel tanks become a limited heat-sink. The cooling techniques
currently in use force tradeoffs between speed, altitude, and systems shutdown.

In one example of a supersonic fighter plane, 90 percent of the cooling capacity of the environmental control system
(ECS) is devoted to electronics and only 10 percent to the pilot! The single ECS unit weighs roughly 2,000 1bs and consumes
50 kW of power. Its

Copyright © National Academy of Sciences. All rights reserved.
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excessive weight precludes the addition of a backup, so its failure aborts the mission. A smaller ECS, possibly with a backup,
would reduce weight and power while increasing overall system reliability. Higher-temperature electronics will enhance
reliability and enable major changes in the electronics architecture of aircrafi.

Space Vehicles And Exploration

Problems directly related to high temperature are rare once in space; space is cold and intense sunlight may be reflected
with high efficiency. There are several situations in which high temperature may be an issue, however. First, sensing and
control of rocket boosters and thrusters may require proximity to the hot plumbing associated with combustion. Such
problems and issues are very similar to those for aircraft jet engines, with the notable exception that maintainability and long-
term reliability are less important. Second, some space exploration vehicles must enter hot environments. A proposed balloon-
borne probe of Venus' atmosphere must operate at 325 °C, while a Venus lander must endure 460 °C. Closer approaches to
Mercury or the sun would also require higher-temperature electronics. Third, material and design factors that support high-
temperature electronics operation would also enhance radiation hardness and increase resistance to upsets and damage from
the unavoidable flux of cosmic radiation (Jurgens, 1982).

Nuclear Power

There are two types of nuclear power applications for wide bandgap semiconductors: those associated with reactor
operation and those associated with handling, processing, and storing of radioactive waste. It has been reported that material
and devices in high-temperature operations tend to be resistant to radiation damage (Knoll, 1989). The highest temperature
reached in a properly operating pressurized water reactor (PWR) is nearly 300 °C. Although this temperature is actually
somewhat lower than that used in combustion power plants, accessibility is much more limited and difficulty of repair or
replacement demands much higher reliability.

High-temperature, radiation-hard electronics can improve PWR operation by improving reactor control and reducing
expensive and occasionally hazardous repairs. The most important areas relate to monitoring and control over the distribution
of power generation in the core of the reactor. At present, a three-dimensional map of the core is developed from an array of
thermocouples and neutron-flux detectors distributed through the reactor core. These require numerous penetrations (roughly
60) of the reactor vessel and must be replaced every three years. With integrated-drive electronics and multiplexing, a
different detector type would last at least twice as long and require only four penetrations. By the year 2010, this alteration
would amount to a savings of nearly half a billion dollars in materials and over $100 million in avoided costs of radiation
exposure for the 100 operating PWRs in the United States (Spitznagel, 1994).

With the limit on penetrations relieved, more detectors might be used to provide a more detailed "map" of the core. In-
core measurement of the water level also enhances this mapping. A more accurate map of the core allows for safer operation,
more efficient consumption of the fuel, and extension of the period between shutdowns for refueling. Downtime, whether
deliberate or forced, has been conservatively estimated to cost roughly $500,000 per day (NRC, 1993). At an estimated
$50,000 per man-tern of radiation exposure, repairs and maintenance are very expensive (Spitznagel, 1994). If radiation-
hard, high-temperature-electronics control and monitoring devices could improve the current "nuclear generating capacity
factor" from 65 percent to a reasonable target of 85 percent, then yearly savings per plant would be $36.5 million per year.
With at least 100 plants in the United States, this constitutes a yearly savings of $3.6 billion per year. This is an impressive
savings and should be a great encouragement to the development of high-temperature semiconductors.

Other PWR applications include monitoring of boron and nitrogen 16 in the water. The thousands of valves and pipes in
a reactor must be monitored for proper valve positioning, corrosion, and fatigue. Following an accident, the environment of
the reactor containment building can be hot (420 °C), wet, and radioactive. Actuators and sensors must survive under these
conditions.

High-temperature electronics may also play a role in radioactive waste storage and handling. The condition of stored
nuclear waste must be monitored. Buildup of explosive gasses must be prevented, as must leaks of toxic or radioactive
material. This requires sensors in both the tanks and the surrounding environment. Monitors include neutron and gamma
radiation monitors, temperature

Copyright © National Academy of Sciences. All rights reserved.
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sensors, chemical sensors (gas and liquid), leak sensors, and cameras. Currently, conventional television cameras survive
approximately only 30 minutes in a nuclear storage container (Spitznagel, 1994). A radiation-hard television camera would
be a great asset in reactor monitoring, repair, and waste handling. Under an accident condition described above wherein the
containment building may become hot, wet, and radioactive, remote visual inspection of a damaged reactor is extremely
difficult with current technology. Robust monitoring equipment will also limit the need for opening the containers for
maintenance.

The case of the orbiting power reactor (e.g., the Russian-designed Topaz) combines all the difficulties of nuclear power
with space electronics. Although space is indeed cold, heat is only lost by radiation. The size of the radiator for the cold end
of a heat engine (i.e., the reactor) increases very rapidly as the cold-end temperature is reduced. Raising this temperature
allows a much more compact design but exposes the control electronics to higher temperatures. At the same time, radiation
shielding for sensitive electronics is wasted payload weight. High-temperature, radiation-hard electronics would allow a
smaller, lighter, and simpler design for a space-borne reactor.

Petroleum Exploration

Well-logging is a strong driver for high-temperature electronics. Modern petroleum exploration involves elaborate
probing of wells during drilling. For this reason, oil exploration companies have been some of the earliest customers for high-
temperature electronics. Earlier efforts have resulted in fairly complex circuits built of discrete devices that are able to
operate for periods of several hundred hours at temperatures up to 300 °C. Since it is very expensive to withdraw and replace
probes during drilling, reliability is of extreme importance. An off-the-shelf family of more sophisticated components would
enable far more reliable and effective logging tools.

Industrial Process Control

Industrial process control is rarely mentioned in the context of high-temperature electronics, but may prove to be one of
the most important high-temperature electronics applications. Most monitoring of high-temperature industrial processes (e.g.,
refining, annealing, baking, and curing) involves monitoring the process flow from a fixed location. While this monitoring
may expose some sensors to temperature extremes and other hazards, the associated electronics are easily protected and
cooled. Some processes are best observed from inside, however. For example, careful control of the time-temperature profile
during epoxy curing is a key element to yield and reliability in the electronics industry. Appropriately insulated recorders and
transmitters are currently sent through baking and curing ovens, but these devices are expensive. In this example, cure
temperatures do not exceed 200 °C, and many others do not exceed 300 °C. Thus, these temperatures are within reach of
many high-temperature technologies, which would offer the possibility of widely available, inexpensive, compact sensors,
memories, and transponders that ride through the high-temperature process beside, or even buried within, the product. It may
even be possible to report the temperature and stresses on an integrated circuit while the package is being formed or to attach
coded identifiers to components that record and report on their history throughout the manufacturing process. Such "smart
tags" would be useful for process and quality control (Arbab et al., 1993).

Power Electronics

The importance of power electronics in vehicles was discussed earlier. Many of the issues concerning internally
generated heat and in-motor integration also apply to many other applications. In vehicles, there are three general areas of
application. These include high-torque induction-motor controllers, high-efficiency voltage converters and switches, and
variable high-voltage ultra-capacitors (Miller, 1987). The integration of control and power electronics—so-called "smart
power"—is certainly an architectural advantage. There are many additional applications for small, high-torque electric motors
besides motor vehicles. Such small motors will replace hydraulics in many applications once the reliability issues are settled,
offering considerable design and control advantages and eliminating the weight of hydraulic fluid and the complexity of
associated plumbing.

A good example of extensive integration of power electronics is the Air Force's More-Electric Airplane. The anticipated
advantages of all-electric actuation are

Copyright © National Academy of Sciences. All rights reserved.
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considerable: a 20-30 percent reduction in system weight and cost; fivefold increase in system efficiency; fivefold reduction
in heat generation; faster system response; and improved maintainability, reliability, and survivability. The More-Electric
Airplane incorporates a starter/generator as an integral part of each engine. The generator will provide all auxiliary
(nonthrust) power for aircraft operation. In current aircraft, a smaller generator is connected by a gear shaft. Temperatures in
the new location already exceed 125 °C and may exceed 200 °C in future engines. Furthermore, the very high powers
involved (hundreds of kW) dictate that the power-conditioning electronics be located close to the generator and the engine.
Thus, both cooling and "remoting" are not attractive options and high-temperature electronics are highly desirable. There are
other military "More-Electric" programs that relate to armored vehicles, ships, submarines, and even the individual combat
soldier. Similar civilian "electric-hydraulic" applications include lighter and more agile industrial robots and more precise and
efficient excavation and earth-moving equipment.

Electric power was once measured simply by its cost and quantity. Recently, the quality of electricity has become a
serious issue. Disturbances to line voltage and noise on power lines is disruptive to such sensitive systems as computers.
Utility power conditioning has been identified as a key area for application of power electronics on a large scale (Hingorani
and Stahlkopf, 1993). On average, roughly a third of the rated capacity of the power transmission grid is unused in the United
States. This margin is held to absorb very large inductance transients from disturbances (e.g., generator failure, overload
cutouts, and broken cables) without damaging switching and generating equipment. Large-scale power electronics would
allow real-time phase-shifting of utility power and provide this protection while allowing nearly 100 percent use of the
national power grid. The Electric Power Research Institute (EPRI) estimates an available savings of $6 billion compared to
the cost of additional transmission lines of the same capacity. Smoother and more efficient use of the transmission system
also reduces the need for spare generating capacity. EPRI estimates that this efficient use would create a savings of 350
billion in North America alone over the next 25 years. With higher-quality power available directly from the utility grid, the
need for uninterruptable power supplies will be greatly reduced. As these are at best only 80 percent efficient, their
elimination would effectively increase power-generating capacity at essentially no cost.

SURVEY II: APPLICATIONS BY THERMAL ENVIRONMENT

Three factors define the thermal environment for electronics: (1) ambient temperature, to which a quiescent device will
inevitably rise in the absence of any circulating coolant; (2) external temperature gradients around the device or module,
which are defined by the details of the nature of the application; and (3) internal temperature gradients, which are generated
by active devices. When these factors appear singly, high-temperature applications can be classified as immersion (i.e., no
temperature gradients and therefore no cold-sink to cool the devices), proximity (i.e., the application brings the electronics
close to a hot region but does not dictate immersion; at least a limited cold-sink is available), and internal (i.e., where
internally generated heat must be removed to a cold-sink). Temperatures for these applications are discussed in the next
section.

Examples of purely immersion applications include reactor monitoring, well-logging, ride-through process monitoring,
some nodes in aircraft or motor vehicle multiplex systems, and the Venus lander. In such applications, every component of
the system must perform satisfactorily at the nominal operating temperature. An example is combustion-flame sensing for jet
engine control. The sensor itself must survive a very hot location with line-of-sight to the combustion chamber while the
associated interface signal circuit is placed as close as possible. Obviously, there are design and cost tradeoffs in how much
of the system needs to be exposed to the nominal high-temperature environment. Support electronics may be removed to
cooler locations at the expense of cabling and reduced signal.

Proximity applications typically appear where some high-temperature component or process must be monitored or
where system architecture motivates incorporation of control electronics near a very hot component. An example is the
engine-mounted control computer for automobiles. While exposing the computer to the increased temperatures associated
with the large gradients of the exhaust system, moving the computer

Copyright © National Academy of Sciences. All rights reserved.
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from the vehicle to the engine realizes two advantages. It allows calibration of the computer to the specific engine on which it
is mounted (rather than a single-model engine) for improved performance and reduced emissions. It also minimizes the
number of wires connecting the engine to the vehicle, simplifying assembly and improving reliability.

Generally, internal heating is a major issue only for power electronics. Power electronics must be incorporated wherever
electrical actuation is required. To a first approximation, heat generated by power devices simply superimposes an internally
generated gradient on the externally defined thermal environment and raises the nominal-device operating temperature
accordingly. Power devices appear in both immersion and proximity applications. Examples of "immersed" power electronics
are the torque-leveling motor and integrated traction motor described in the previous section. A case of power devices in
proximity to a hot region would appear in any case where the actuating motor grows extremely hot or the objects to be
actuated are hot themselves. Such situations will appear in many aircraft and vehicle control applications (e.g., the inlet guide
vane mentioned earlier). Just as for nonpower proximity, device temperature may be reduced at the expense of system
integration.

One important consideration is that the temperature rise in a power device can be very large. For silicon-based power
devices, junction temperatures in excess of 200 °C are apt to result in catastrophic failure. Current systems are engineered to
sustain the rated power output with heat-sinking into a 100 °C ambient, which is adequate to keep the devices below their
failure temperature; in effect, they are designed to operate at the edge of disaster. The same rate of heat generation and heat-
sinking capacity into a 200 °C ambient (or cold-sink temperature) would imply a junction temperature of 300 °C, beyond the
abilities of silicon. This simplistic linear analysis suggests that even a small increase in ambient temperature for silicon-based
power electronics will require a combination of improvements in heat extraction and derating of the devices themselves. Both
of these changes increase the size and cost of the systems. The heat extraction problem is further compounded by the fact that
thermal conductivity of most materials decreases with increasing temperature. Power electronics based on wider bandgap
semiconductors would address this issue.

SURVEY III: HIGH-TEMPERATURE ELECTORNIS APPLICATIONS BY COMPLEXITY

The ability to satisfy the need for electronics for a given temperature is predominantly a function of what is required for
the application. Complexity, as crudely measured by the number of active devices in the module or system node, varies by
nearly seven orders of magnitude. Figure 1-2 is a log-log plot of the complexity of some of the applications identified in
Survey I as a function of their temperature. Because the scales are logarithmic, large errors in either parameter cannot
eliminate the obvious trend. This figure suggests three general categories of high-temperature electronics.

The first category includes all the complexity and functionality now available in conventional silicon technology that is
functional to roughly 200 °C (e.g., memories, microprocessors, analog circuits). These applications might be served by
modifications of current junction isolation, integrated circuit technology with new metallization and packaging, or if
necessary, by silicon-on-insulator technology for operation up to 300 °C. Decreases in device speed and noise margins must
be accepted but might be mitigated by changes in device geometry and layout rules. In all the categories discussed,
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Figure 1-2 Log-log plot of the complexity of some example applications as a function of temperature.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

jconductor Devices

BACKGROUND 14

it must also be remembered that even seemingly minor modifications in technology must be carried out with adequate circuit
yield, which is critical at these levels of integration.

The second group includes applications of intermediate complexity, perhaps several dozen to several thousand devices,
requiring operation at temperatures of up to roughly 450 °C. This level of complexity is sufficient to support the local
functionality of sensing and measurement along with the signal conditioning, basic signal processing and control, limited
memory, and interface (via wire or radio) to higher-level systems in cooler environments. Although this definition remains
vague, it does appear that no reasonable application calls for duplication of all silicon capabilities in a 450 °C technology. It
does appear that a more limited family of devices, integrated circuits, and circuit-board technology will be necessary for these
applications.

The third group of applications generally involve sensing of one or more parameters of a very hot environment.
Examples include automobile exhaust-gas analysis and jet engine flame detection, which are considered proximity
applications; plausible immersion applications above 500 °C have not been identified. In these two cases, the sensor design is
driven by its function and the required environment. For the automotive exhaust gas-oxygen sensor, this is 700-900 °C in a
strongly oxidizing or reducing atmosphere. EGO sensors use TiO, or ZnO, as wide bandgap semiconductors in which oxygen
ions behave as holes. Thus, these high-temperature applications involve only one, or at most a few, active devices: the sensor
itself and the minimal biasing and correction circuitry. The very large temperature gradients (several hundred degrees
centigrade in a few centimeters) in most proximity applications could be made to appear inside the module. This allows use
of intermediate-range electronics in support of the high-temperature sensing component.

One element omitted from this temperature-complexity scatter plot is internally generated heat from power devices.
They can be treated as individual "hot" devices in need of lower-temperature support electronics, analogous to the high-
temperature sensing applications. The critical difference is that the temperatures are much lower. While silicon power devices
may run into difficulties in ambient temperatures much above 100 °C, the low-power support electronics could easily be
made to function at much higher temperatures. This strongly suggests a mixed technology consisting of silicon-based control
electronics from the first category in support of power devices in a wide bandgap semiconductor technology.

SUMMARY

Although it is impossible to anticipate all possible applications for high-temperature electronics, it is possible to
categorize them. A real need exists for advanced microprocessors functional to 200 °C, but system complexity appears to
decrease rapidly with required operating temperatures. Thus, some natural groupings appear that suggest directions for
technological development. The low-temperature, high-complexity applications require a silicon-based technology modified
for reliable operation up to at least 200 °C, with a reduced family of functions at 300 °C. Intermediate-complexity,
intermediate-temperature applications require rudimentary integrated circuit technology (i.e., logic functions, small
memories, and analog signal devices) and discrete circuit technology for circuits containing several dozen to several thousand
devices operational to 450 °C. Low-complexity, high-temperature applications are driven by sensing. A family of devices for
such high temperatures is probably not necessary. The sensors themselves are per force designed for such environments, and
a slightly more benign environment suitable for intermediate temperature devices is usually quite near. The need for reduced
package size and weight and higher operating temperature defines a pressing need for wide bandgap power devices.

Copyright © National Academy of Sciences. All rights reserved.
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2
State Of The Art Of Wide Bandgap Materials

This chapter surveys the state of the art for the three major wide bandgap materials for high-temperature semiconductor
devices: silicon carbide (SiC), the nitrides, and diamond. This chapter is not a comprehensive examination of all the
properties of the different materials, but does examine closely those properties related to high-temperature operation. The
intrinsic properties of the wide bandgap materials versus those of the more common silicon and gallium arsenide (GaAs)
materials are compared in Table 2-1." Although silicon and GaAs are not considered in this chapter because of their expected
limited high-temperature applicability, devices and interconnects of these materials are discussed in Appendices A and B,
respectively.

SILICON CARBIDE

Materials Description And Properties

Of the wide bandgap materials, SiC is by far the most developed. The earliest reported recognition of the silicon-carbon
(Si-C) bond is by Berzelius in 1824. SiC has been produced in the United States since 1891 when Eugene G. Acheson (1893)
of Monongahela City, Pennsylvania, melted a mass of carbon and aluminum silicate by passing a current through a carbon
rod immersed in the mixture. A variety of vapor-transport furnaces have been used in this century to grow boules of single-
crystal SiC. In addition, high-purity homo-epitaxial single-crystal films of SiC have been grown in both horizontal and
vertical chemical vapor deposition (CVD) reactors.

Moisson reported in 1904 and 1905 that hexagonal crystals of SiC were present in meteoritic specimens from Canyon
Diablo, Arizona. Naturally occurring SiC was viewed as exclusively of extraterrestrial origin until 1957. However, SiC has
recently been discovered in alluvial sands and in Kimberlite breccia in a number of locations on the earth.

SiC forms in a variety of crystal structures, termed polytypes, of which over 175 have been described in the literature
(Verma and Krishna, 1966; Pandy and Krishna, 1983). Only simple polytypes are of interest for SiC devices. Their basic
crystallographic stacking sequences and most common notations are illustrated in Table 2-2 (Verma and Krishna, 1966). The
optical properties of SiC do not differ very much from polytype to polytype (Figure 2-1).

To better understand SiC, a brief discussion of electronic band structure is warranted. Band structure calculations for
SiC have been made for the past 30 years, but theorists have concentrated on the zincblende 3C-SiC polytype and the
wurtzite 2H-SiC structure since the other polytypes are much more complicated due to their much larger unit cells. The
accuracy of such calculations has recently been considerably improved and currently there is a sizable effort to work on the
band structures of 4H-, 6H-, and 15R-SiC. Early band structure calculations of 3C and 2H are shown in Figures 2-2 and 2-3
to provide a qualitative "feel of the neighborhood" where the maxima in the valence band and the minima in the conduction-
band are likely to be located. Since both 3C-SiC and 2H-SiC are indirect-gap semiconductors, it is reasonable to assume that
all polytypes are indirect-gap semiconductors. Indeed, experiment has verified that in addition to 3C-and 2H-SiC, 4H-, 6H-,
8H-, 15R-, 21R-, 27R-, and 33R-SiC are also indirect-gap semiconductors. Figure 2-4 summarizes the experimentally
observed exciton bandgaps

1 Table 2-1 was developed for comparative purposes using the data that was available during the course of this study. This
table should not be considered a definitive tabulation of the properties of these materials, since new, more accurate data are
constantly being accumulated for most of these materials.

Copyright © National Academy of Sciences. All rights reserved.
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and their temperature variation. Experiment has also given an estimate of the binding energy (27 meV) of the exciton in
3C-SiC. Assuming that this value will not be very different in the other polytypes, the actual bandgap, Eg, can be estimated
by adding 27 meV to the known value of the exciton bandgap, Egx. Estimates of room-temperature values of both Eg and
Egx are given in Figure 2-4. The thermal conductivity is shown in Figure 2-5.

TABLE 2-2 Notations for Selected SiC Polytypes

Ramsdell Notation Stacking Sequence Zhdanov Notation
3C ..ABC... —

2H ..AB... 11

4H ..ABAC... 22

6H ..ABCBAC... 33

15R ABCBABCACBCABAC... (32),
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Figure 2-1
Average values of the optical constants of SiC from the vacuum ultraviolet to the middle infrared.
Note: n, = index of refraction; k, = extinction coefficient.

The electrical properties in the various polytypes can be very different because the actual conduction-band minima in the
various polytypes will not be in exactly the same positions in the Brillouin Zone. In addition, there is the extra complication
of having a different number of nonequivalent sites in different polytypes as a consequence of different size unit cells. This is
illustrated for the donor nitrogen in Table 2-3. SiC may be doped n-type with nitrogen up to at least 10'° cm™. The acceptors
aluminum and boron can be used to dope SiC p-type to at least 5 x 10'® cm™. Nitrogen is difficult to keep out of the growth
process, and at present unintentional concentrations of nitrogen in the range of 10'% cm™ are found in the best epitaxial films.
This is sufficiently low not to interfere with current device fabrication.

Deep electronic states due to scandium (Tairov et al., 1974), titanium (Patrick and Choyke, 1974), and vanadium (Maier
et al.,, 1992) have been studied in some detail in various polytypes of SiC. Other deep states, termed D; and Dy, due to
implantation or radiation damage have also been widely studied. Many other impurity defect complexes have been observed
during annealing of irradiated samples from 0-2000 °C.

Methods Of Fabrication

Bulk Growth

The commercial potential of SiC semiconductor technology has been enhanced by recent significant progress in the
growth of large single-crystal SiC boules.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
o
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

[0}
(2]
®
<
o
°
O
©
[0}
(2]
£
>
©
IS
c
(0]
o
Q
(]
@®©
c
[0
[0}
o]
(9]
>
©
<
>
@®
€
(2]
24
]
o
£
(0]
Q
<
Q.
®©
o
D
o
o
>
2
[0)
£
(o]
(2]
e
C
@®©
5
Q
=
©
S
(0]
o
(]
o]
=
o
c
C
@
(6]
=
(9]
>
[©)
3
o
~
%
C
E
@®
€
£
(]
o
L2
=
[$]
[0}
Q.
(ll’)
D
C
E
[0}
[}
[0}
o
>
2
o
(]
L
£
o
T
C
@®©
3
k]
>
=
(2]
D
£
©
@®©
(0]
<
%)
-
®
(]
o
o]
o
2
o
2
5
c
S
D
C
K9]
(0]
£
©
£
2
=
(]
(0]
e
e
o
ie)

c
e
=

]
Ie!
=
=]

©

=

S
L

c
ke

7

o

o

>

[
=
=

©
i)
=

<}
z
=
=1
®©
©
<
s

[2]

©

c
e
=

©

o
e

>

o
8
=
=
b

s}

c
ke

7

&2

o

>
=

c
=

S

©
<
=

©

o}

S

STATE OF THE ART OF WIDE BANDGAP MATERIALS 18

Figure 2-2 Calculated band structure of 3C-SiC. Source: Based on Hemstreet and Fong (1974).

For many years, the lack of suitable SiC crystal-growth processes inhibited the commercialization of this promising
semiconductor material. There are two properties of SiC that make the growth of bulk single crystals more difficult than that
of silicon. First, it does not melt under any reasonably attainable pressure; rather it sublimes at temperatures above 1800 °C.
Thus, conventional growth-from-melt techniques (e.g., as for silicon or GaAs) cannot be used for SiC crystal growth. Second,
different polytypes with different electronic characteristics can grow under apparently identical conditions (Knippenberg,
1963). A completely satisfactory model for the formation of the various polytypes does not exist. Despite these difficulties,
major progress has recently been made in SiC boule growth. The diameter of commercially grown, single-crystal boules is
typically 30 mm, and prototype boule diameters have exceeded 50 mm.

Currently, there is interest in at least five of the SiC polytypes: 3C-SiC, 2H-SiC, 4H-SiC, 6H-SiC, and 15R-SiC. Boules
of 4H, 6H, and 15R have been grown, and wafers from 4H and 6H boules are commercially available. No significant-sized
boules of 3C have been reported. To date, 2H has only been grown in the form of small, millimeter-sized needles.

There are several key review papers that discuss the growth of bulk SiC single crystals (Knippenberg, 1963; Tairov and
Tsvetkov, 1983; Powell and Matus, 1989). This section summarizes some of the early work and describes recent
developments for which information is publicly available. Much of the current technology is considered to be proprietary and
has not been published. Although growth-from-solution techniques have been tried, the most successful growth techniques
are based on the sublimation of SiC.

Background.

Prior to the mid-1950s, small hexagonally shaped SiC platelet crystals were available through the industrial Acheson
process for making abrasive material (Knippenberg, 1963). In 1955, Lely developed a laboratory sublimation process for
growing crystals that were much purer (Lely, 1955). In the Lely process, a hollow cavity was formed inside a charge of
polycrystalline SiC. The charge was heated to about 2500 °C in a graphite tube furnace at which point the SiC sublimed and
condensed on slightly cooler parts of the cavity. Growth took place on a thin, porous graphite cylinder that formed the wall of
the cavity. Nucleation was uncontrolled and the resulting crystals were randomly sized, hexagonally shaped a-SiC platelets.
These platelets often exhibited a layered structure of various a polytypes. The predominant polytype (generally more than 75

Figure 2-3 Calculated band structure of 2H-SiC. Source: Based on Hemstreet and Fong (1974).

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

jconductor Devices

STATE OF THE ART OF WIDE BANDGAP MATERIALS 19

percent) was 6H, followed by 4H and 15R. Although much was learned about SiC from investigations of these crystals over
the next 30 years, the process was not suitable for commercial development of SiC.
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Figure 2-4 Summary of the experimentally observed exciton bandgaps and their temperature variation for the
different SiC polytypes.

In the 1970s, Tairov and Tsvetkov (1978, 1981) developed a modification of the Lely process (now commonly called the
modified sublimation process, or the modified Lely process) in which growth occurred on a seed crystal. Although some
research groups have been somewhat slow in adopting this process, it is now being developed in many labs in Russia,
Germany, Japan, and the United States.

The basic elements of the modified sublimation process are shown in Figure 2-6, which is a schematic diagram of the
configuration used by Westinghouse. Nucleation takes place on a SiC seed crystal located at one end of a cylindrical cavity.
A temperature gradient is established within the cavity such that the polycrystalline SiC is at approximately 2400 °C and the
seed crystal is at approximately 2200 °C. At these temperatures and at reduced pressures (argon at 200 Pa), SiC sublimes
from the source SiC and condenses on the seed crystal. Growth rates of a few millimeters per hour can be achieved.

Current Status.

Cree Research Incorporated of Durham, North Carolina, is the only commercial source in the world of SiC wafers
produced from boules. Cree is currently selling 30-mm-diameter wafers of both 4H- and 6H-SiC. Other companies and
institutions, known to be producing SiC boules for internal consumption, include Westinghouse, ATM, Siemens, Sanyo,
Nippon Steel, Kyoto University, and Kyoto Institute of Technology. Both Cree and Westinghouse have demonstrated boules
(and wafers) of up to approximately 50 mm in diameter.

Despite the fact that SiC is extremely hard (between sapphire and diamond in hardness), techniques for cutting and
polishing wafers are currently in use. However, the capability is far short of that for silicon. As a result, the polished surface
of commercial SiC wafers contains many scratches and defects. Some defects introduced into the wafer by cutting and
polishing can be removed by suitable pregrowth (i.e., prior to epitaxy) etching processes (Powell et al., 1991).

Currently, SiC boules (and the commercially available wafers) do contain defects and impurities. One of the most
significant defects is a distribution of tubular voids, called micropipes, in the order of a micrometer in diameter (Koga et al.,
1992). The micropipes are oriented with respect to their long axis and are approximately parallel to the crystal c-axis; density
is typically several hundred per square centimeter. In addition, wafers contain line defects (dislocations) intersecting the
surface with a density of 10* to 10° cm™. The most common background impurities are nitrogen, aluminum, boron, and
metals that can act as deep-level traps.

It has been shown that the micropipes can cause premature reverse breakdown in p-n junctions (Neudeck and Powell,
1994). Evidence shows that microplasmas form in the micropipe at reverse voltages of several hundred volts. The current
micropipe density limits the area of high-voltage devices to about 3 mm?; hence, this defect must be significantly reduced
before high-power devices are practical. Several theories have been proposed

Copyright © National Academy of Sciences. All rights reserved.
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to explain the formation of micropipes. One theory is based on the presence of contaminant particulates during nucleation and
boule growth (Yang, 1993). Another theory is based on the presence of super-screw dislocations (Wang et al., 1993). In this
latter theory, hollow cores would form to relieve stress caused by screw dislocations.
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Figure 2-5 Thermal conductivity of two single crystals of SiC. Source: Adapted from Slack (1964).

Progress is being made in reducing the density of micropipes. In a recent paper, growth of boules in the (1010) direction
significantly reduced the formation of micropipes (Takahashi et al., 1994). However, the dislocation density is very high in
these crystals. Researchers at Cree have reported (J.W. Palmour, personal communication, 1994) that the density of
micropipes has been reduced significantly in the last year. It should be noted that the research team directed by Professor Yu
Vodakov at the loffe Institute in St. Petersburg, Russia, have produced small single polytype SiC boules (1.5 cm diameter and
7 mm thick) that are claimed to have no micropipes (Y. Vodakov, personal communication, 1994).

Another impediment to wide use of SiC technology is the cost of wafers. At present, there is only one commercial
supplier of wafers in the world. The current price per 30-mm-diameter wafer is more than $1,000. This high price can be
expected to drop considerably during 1995 as other sources enter the market. The primary reason for this price being lower
than GaAs is that both silicon and carbon are 100 times cheaper than gallium.

Epitaxial Growth

Semiconductor-quality o-SiC epitaxial films can now be grown routinely on a-SiC wafers by CVD. In addition, in situ
CVD doping processes can produce both n-type and p-type epitaxial films with net carrier concentrations from the 104 cm™
range to greater than 10'° cm. This technology, which has largely been developed in the last few years, has allowed the
development of SiC devices with record-setting performance.

Background.

The growth of epitaxial SiC films has many similarities with the growth of epitaxial silicon; however, it has only been
recently that the differences in growth processes have been appreciated. While conventional semiconductors are grown at
approximately two-thirds of their melting temperatures, these temperatures are not practical with wide bandgap materials. For
this reason, the substrate temperature cannot be used to assure that all components of the activation energy have been
exceeded. In addition, only one crystal structure can be produced in silicon, whereas many crystal structures are possible in
SiC. Thus, the polytypic structure of the film must be controlled during formation. The factors that control SiC structure are
the crystal orientation and perfection of the substrate. The presence of defects and contamination can also significantly affect
the resulting structure. In this report, the term "homo-epitaxy" is used for growth in which the film and substrate are the same
polytype, and "hetero-epitaxy" is used when the SiC polytype of the film is different from the substrate. With respect to
doping, the incorporation of dopants is dependent on the ratio of the silicon and carbon sources during the growth process and
also on the crystal orientation.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 2-3 Exciton Binding, Nitrogen lonization, and Valley-Orbit Splitting Energies and Effective Mass for SiC
Polytypes

Exciton Binding Nitrogen Ionization Energy Valley-Orbit Splitting  Effective Mass
to 4D
Ep (meV) E,,(meV)
SiC  EBX (Haynes)  (IR) (2EL)  (Hall) (IR) (ERS) mL, m|| (Cyclotron
(meV) (PL) resonance)
3C 10 57 — 53.6 20-476 < — 8.37 0.247,
0.677
4H 7 47 52.1 — 45 7.6 — 0.42,
20 96 91.8 — 100 — — 0.29
6H 16 81 81.0 — 85 12.6 13.0
31 136 137.6 125 60.3 0.42,
32 140 1424 — 62.3 2.0
ISR 7 47 49.3 —
9 54 59.6 — 53
19 91 — 99
20 96 —

Techniques used to produce epitaxial SiC films include CVD (Davis et al., 1991), the "sublimation sandwich" process,
and liquid-phase epitaxy (Ivanov and Chelnokov, 1992). Homo-epitaxial growth of a-SiC on a-SiC substrates has been
achieved by all three techniques. The lack of 3C-SiC substrates has led to a variety of hetero-epitaxial processes to produce
3C-SiC epitaxial films. The 3C-SiC polytype has been grown on silicon, TiC, and a-SiC substrates. These processes are
examined in the following sections.

CVD Of ¢-SiC Epitaxial Films.

For both a- and 3C-SiC, the CVD process is the current method of choice because, of the three techniques, it yields
better films at the lowest temperature. It is also adaptable to commercial production.

A typical SiC CVD growth chamber, shown in Figure 2-7, is similar to chambers used for silicon (Powell et al., 1987).
The quartz chamber is water-cooled because growth temperatures are generally higher than those used for silicon epitaxy.
The substrates are heated by an inductively heated SiC-coated graphite susceptor. Hydrogen is used as a carrier for various
process gases. Prior to growth, the substrates are frequently subjected to an etch with hydrochloric acid (HCI) to reduce
defects and contamination. Silane (SiH,) and propane (C;Hg) can be used as sources of silicon and carbon during growth.
Important system parameters for growth include the growth temperature, flow rates of the various gases, and the silicon/
carbon ratio in the gas. Important substrate parameters include the orientation and polarity of the SiC substrate. Typical
growth rates are in the 1- to 5- um/h range. In situ doping is achieved by adding nitrogen or phosphorous for n-type and
aluminum (trimethylaluminum, TMA) or boron (diborane) for p-type material. Particular growth and doping processes are
discussed.

SiC Epitaxy In The c-Axis Direction.

An important discovery in SiC epitaxy was that the crystalline orientation of the growth surface is an important growth
parameter. In the past, much of the growth was carried out on the "as-grown" (0001) surface (the basal plane) of Lely
crystals; that is, growth was in the c-axis direction. The (0001) SiC crystals with polished surfaces have vicinal (0001)
orientations, that is, the growth surface may be tilted slightly "off-axis" with respect to the (0001) crystallographic plane. The
size of this tilt angle can have

Copyright © National Academy of Sciences. All rights reserved.
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a dramatic effect on the structure of an epitaxial film. In subsequent discussions in this report, SiC substrates having tilt
angles of about 3° are referred to as being "off-axis" and substrates with tilt angles of less than 0.5° are "on-axis." The polarity
(i.e., silicon face or carbon face) of the substrate is also an important parameter.
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Figure 2-6 Schematic showing the basic elements of the modified sublimation process. Source: Hobgood (1993).
Courtesy of Westinghouse, Inc.

In sublimation sandwich growth, it was found that homo-epitaxy of the various polytypes was enhanced if the growth
surface of the substrate was polished off-axis by a few degrees from the (0001) basal plane (Tairov and Tsvetkov, 1983). The
research team of Matsunami at Kyoto University discovered that the CVD growth temperature required for producing good-
quality 6H-SiC epilayers on 6H-SiC substrates could be reduced from about 1750 °C to about 1450 °C if the growth surface
was off-axis by a few degrees from the (0001) plane (Matsunami et al., 1989). They called this growth "step-controlled"
epitaxy because growth occurs at steps on the off-axis surface. The stepped surface automatically provides the stacking
sequence of the substrate polytype. Hence, homo-epitaxy takes place. 3C-SiC was found to grow at small tilt angles (e.g., less
than 1.5°) or at low temperatures because deposited atoms cannot migrate to the steps on large terraces. Also, mobility of
deposited atoms is reduced at these lower temperatures and deposited atoms do not reach the steps.

Work at the NASA Lewis Center demonstrated that homo-epitaxy of 6H-SiC on vicinal (0001) 6H-SiC can be achieved
at 1450 °C with tilt angles as low as 0.1° (Powell et al., 1991). As a consequence of this result, it was proposed that the cause
of the 3C-SiC nucleation was due to defects and contamination on the growth surface. By a suitable pregrowth etching
process, the defects and contamination were reduced or eliminated. In effect, there is a competition between defects and
surface steps. At sufficiently large tilt angles (high step density), homo-epitaxy will occur even in the presence of defects. At
low tilt angles (low step density), any defects that are present will dominate and act as nucleation sites for 3C-SiC. Thus,
growth must occur at atomic steps if homo-epitaxy of 6H-SiC is to be achieved. In addition, suitable pregrowth etches can be
effective in reducing or eliminating defects caused by cutting and polishing the SiC substrate.

Homo-epitaxial SiC films on vicinal (0001) SiC substrates have been obtained with the 4H-, 6H-, and 15R-SiC
polytypes. These films exhibit a variety of surface features that include hillocks and depressions. Structural defects that occur
include the micropipes and dislocations that propagate from the substrate into the film (Powell et al., 1994). Although
excellent devices have been fabricated using these films, much work remains to improve the surface morphology and to
reduce the defect density.

The electrical quality achievable in SiC epitaxial CVD films was significantly improved recently by the development of
the "site-competition epitaxy" process by Larkin et al. (1993) at the NASA Lewis Center. In this process, the incorporation of
nitrogen and aluminum into a SiC epilayer grown on a silicon-face vicinal (0001) plane is controlled by setting the silicon/
carbon ratio in the precursor gases to appropriate values. The nitrogen donor atoms that reside on carbon sites in the SiC
crystal lattice compete with carbon atoms during growth. Increasing the carbon concentration (i.e., decreasing the silicon/
carbon ratio) decreases the nitrogen incorporation in the epilayers. On the other hand, the aluminum acceptor atoms that
reside on silicon lattice sites compete with silicon atoms during growth. Increasing the silicon

Copyright © National Academy of Sciences. All rights reserved.
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concentration (i.e., increasing the silicon/carbon ratio) reduces the aluminum concentration in the epilayers. Undoped films
with net carrier concentrations in the low 10'* cm™ range can be achieved. In addition, both n-type and p-type epilayers with
carrier concentrations in the 10'# cm™ range to greater than 10'° cm™ can also be consistently achieved. 6H-SiC p-n-junction
diodes with record reverse breakdown voltages of greater than 2,000 V were fabricated using this new site-competition
epitaxy process (Neudeck et al., 1993).

RF Coils BH-5IC Substrates H,0-Cooled Quartz
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Figure 2-7 Schematic of a typical SiC CVD growth chamber. Source: Powell (1993).

SiC Epitaxy In The a-Axis Direction.

In work at Westinghouse, growth directions perpendicular to the c-axis (0001) direction were investigated (Hobgood,
1993). Two important nonequivalent directions, the a-axis (1210) direction and the prismatic (1010) direction, were studied.
An advantage of the a-axis growth direction is that the polytype stacking sequence is contained within the growth surface, so
homo-epitaxy is always achieved. Another motivation for this work is that the crystal properties vary in different directions,
so specific devices require specific crystal orientation for optimum performance. The results of this investigation found that
excellent quality films were obtained with growth in the a-axis direction, whereas relatively poor films were obtained in the
prismatic direction. Also, it was found that good quality films could be grown at lower temperatures in the a-axis direction
compared to growth in the c-axis direction (using off-axis (0001) substrates). In comparing a-axis and c-axis growth, it was
found that the growth rates were about the same.

In the a-axis growth, the dopant incorporation was also found to be a function of the silicon/carbon ratio in the precursor
gases. The behavior was similar to that for c-axis growth on the silicon-face (0001) plane. However, the doping was shifted
toward more n-type doping compared to c-axis growth. Doping levels from a low of 10> cm™ to more than 10'° cm™ were
achieved for n-type doping. For p-type doping, levels up to 5 x 10'8 cm™3 were achieved.

Hetero-Epitaxial Growth Of 3C-SiC Films.

Prior to the availability of large-area, high-quality SiC substrates, many growth experiments have been conducted on
non-SiC substrates. Early in the 1980s, large-area, single-crystal films of 3C-SiC were achieved by CVD on (001) silicon
substrates (Nishino et al., 1983). Unfortunately, the 3C films grown on silicon had a high defect density, which included
stacking faults, microtwins, and a fault known as inversion domain boundaries (IDBs), also known as antiphase boundaries.
These defects were thought to be caused by the 20 percent lattice mismatch between silicon and SiC or perhaps by the
nucleation process. Further work demonstrated that the IDBs could be eliminated by using vicinal (001) silicon substrates
with tilt angle in the range 0.5° to 4°. Although the films were now free of IDBs, they still contained a high density of
stacking faults and other defects. Devices fabricated from these 3C films have not achieved satisfactory performance.

Copyright © National Academy of Sciences. All rights reserved.
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To eliminate the problem of the large lattice mismatch, titanium carbide (TiCy) with a lattice match within 1 percent was
investigated (Parsons, 1987). Somewhat improved growth of 3C-SiC films was reported, but great difficulties in producing
defect-free, single-crystal TiC, has hindered its use as a substrate for SiC growth.

In a previous section, it was pointed out that 3C-SiC generally grows on vicinal (0001) a-SiC with small tilt angles if
there is contamination or defects on the growth surface. Unfortunately, 3C-SiC films grown in this manner typically have a
defect known as double-positioning boundaries. This defect arises because there are two possible orientations of the 3C-SiC
film that can nucleate on an a-SiC substrate; these two orientations are rotated 180° about the c-axis with respect to each
other. When nuclei with both orientations occur on the substrate, the intersection of domains with different orientations are
not coherent and they form double-positioning boundaries that are electrically and chemically active.

Recent work at Kyoto University has shown that the density of double-positioning boundaries in 3C-SiC films grown on
vicinal (0001) 15R-SiC is less than that found in 3C-SiC films grown on 6H-SiC (Chien et al., 1994). Chien and colleagues
presented a model that predicts 3C-SiC films that are tens of micrometers thick and grown on (0001) 15R-SiC should be free
of double-positioning boundaries. Unfortunately, the stacking-fault density appears to be very high in these 3C-SiC films.

Another approach investigated at the NASA Lewis Center is to limit the epitaxial growth areas to small mesas on vicinal
(0001) 6H-SiC substrates and then limit the nucleation of 3C-SiC to the highest atomic planes on the mesa (Powell et al.,
1991). With nucleation limited to a very small region on each mesa, 3C-SiC films will grow laterally and will subsequently
cover the mesa with a double-positioning boundary-free 3C-SiC film. This approach has been successful obtaining double-
positioning boundary-free 3C-SiC films on 1 mm? mesas. These films also have a lower stacking-fault density than
previously reported 3C-SiC films grown on SiC substrates. Combining this technique with the site-competition epitaxy
process for doping SiC epitaxial films, p-n-junction diodes with reverse breakdown voltages exceeding 300 V were fabricated
(Neudeck et al., 1993). This breakdown voltage is four times that of any previously reported 3C-SiC diode.

Other Epitaxial Processes.

The sublimation sandwich process (Ivanov and Chelnokov, 1992) is similar to the modified sublimation process. In the
sublimation sandwich process, the substrate is placed near a solid SiC source that is sublimed at temperatures greater than
1800 °C. The resulting vapor condenses on the substrate that is held at a slightly lower temperature. The high temperature
required by this process is its main disadvantage.

In the liquid-phase epitaxy technique (Ivanov and Chelnokov, 1992), the substrate is placed in liquid silicon that is
saturated with carbon at a temperature in the range of 1500-1700 °C. If the temperature is lowered, SiC is deposited from the
supersaturated silicon solution onto the substrate. In one version of this process, the liquid silicon solvent is suspended by an
electromagnetic field; this "containerless" approach avoids contamination of the solvent by a crucible. The higher
temperature required and the difficulty of control are disadvantages of this approach.

Summary.

Excellent epitaxial films of a-SiC polytypes can now be grown on a-SiC substrates. Both n-type and p-type films with
net carrier concentrations from 10'* ¢cm™ to greater than 10! cm™ can be routinely achieved. The growth of large-area
epilayers that are free of micropipes will only be possible when micropipe-free substrates are available. In the future, it will
probably be desirable to reduce the growth temperature from the present 1450 °C; this may be beneficial for some device
fabrication processes.

NITRIDE MATERIALS

There are four major nitride semiconductors and several minor ones. The four major nitride semiconductors are indium
nitride (InN), gallium nitride (GaN), aluminum nitride (AIN), and boron nitride (BN). For high-power electronics
applications, there is yet another nitride (iron nitride) that, although not a semiconductor, warrants attention. These materials
are composed of cations from Group III of the periodic table and a nitrogen anion from Group V. They are often referred to
as III-N materials. AIN, GaALN, and GaN have been studied for some time, but due to the lack of good single crystals, the
electronic, optical, and physical properties of single-crystal nitrides are not extensively

Copyright © National Academy of Sciences. All rights reserved.
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known. Interest in the nitride materials has dramatically increased with the recent introduction of bright blue light-emitting
diodes (LEDs) by Nichia, the successful growth of better samples, and the accumulation of more precise data (Strite and
Morkoc, 1992; Choyke and Linkov, 1993; Lin et al., 1994; Morkoc et al., 1994).

Properties

The most intriguing aspect of the large bandgap nitrides (i.e., ALN, GaN, and InN) is the fact that they form a
continuous alloy system with room-temperature direct bandgaps varying from 6.2 eV for AIN to 3.45 for GaN, to 1.9 for InN.
In addition, there is a small lattice mismatch (<1 percent) between (wurtzite, 2H) AIN and 2H-SiC, and between cubic BN
(cBN) and diamond. The band structure of the hexagonal and cubic modifications of ALN and GaN are given in Figures 2-8
and 2-9 (Lambrecht and Segall, 1992).

Boron nitride is the least understood of the nitrides. Most work is directed towards the synthesis and characterization of
cBN as it is believed to exhibit an indirect bandgap in excess of 6.4 eV. The relative dielectric constant of ¢BN is 6.5 and its
hardness is 4,500 kg/mm? compared with 3,980 for SiC and 10,400 for diamond (Davis, 1992). Its thermal conductivity is
believed to be 1,300 W/m-°C, or more than twice that of SiC and about 60 percent that of diamond. Young's modulus is 5.2
MPa compared with 4.0 MPa for SiC. The Poisson ratio for cBN is 0.2 or equal to that of both diamond and SiC. The thermal
expansion coefficient of ¢BN is 3.7 x 104/°C, which is the same as that of SiC but greater than the 2.3 x 10 of diamond.
Unfortunately, cBN has also been the most difficult to synthesize.

Aluminum nitride exhibits a direct bandgap of 6.2 eV in its hexagonal form. Like diamond, AIN exhibits negative
electron affinity (Benjamin et al., 1994). While cubic ALN has recently been synthesized as a thin film on cubic (3¢) SiC, its
bandgap has not been ascertained but is believed to be somewhat less than 6.2 eV and is most probably indirect. The thermal
conductivity of polycrystalline ALN is 3.0 W/em-°C at room temperature—over twice that of silicon and 60 percent that of
SiC. Its relative dielectric constant is 10.0, or 85 percent of that of SiC. The best crystallinity reported to date using X-ray 6/2-
0 diffraction data is 90 arc-seconds for films grown hetero-epitaxially on sapphire. While there are reports in the literature of
both nand p-type AIN having been synthesized, these reports are not recent (Chu et al., 1967; Rutz, 1976). Aluminum in AIN
has an affinity for oxygen and oxygen appears at a deep level in ALN. Oxygen is typically found in AIN in concentrations of
10%° cm3, rendering it extremely difficult to obtain ALN with either p- or n-type conductivity.

There is currently a considerable amount of work underway addressing the AIN doping issue. Alloys of AIN and SiC
have recently been made. These may not be true alloys, however, as there is no measurable interdiffusion at temperatures up
to 1900 °C. Nevertheless, absorption band edge measurements on this alloy appear to track the mole-fraction composition.
The low mass of nitrogen engenders ALN with a high optical phonon energy; for this reason, the charge-carrier velocity
could be very high and approach that of diamond.

The lattice parameters for ALN are a =3.112 A and ¢ = 4.982 A (293 K). The ALN linear thermal expansion coefficient
isal =5.27 x 10 K; T = 20-800 °C; and aj = 4.15 x 10 K\. The thermal conductivity of AIN is k = 2 W/cm-°C at room
temperature. The density of ALN is d = 3.244 g/cm?3. Phonons for ALN are in the frequency range of 895 cm’! to 303 cm’.
The dielectric constants for AIN are [} = %.14 and e(e=} = 4.54{300 K].

Gallium nitride exhibits a direct bandgap of 3.5 eV in its hexagonal form and apparently slightly less in its cubic form.
Its lattice constant is 3.189 A, or about 4 percent greater than that of SiC. Its dielectric constant has been measured at 8.9 to
9.5, or just less than that of SiC. It is thought to have an effective electron mass of 0.20, but this figure should not yet be
taken as definitive. Along the a-axis, the coefficient of thermal expansion is 5.5 x 10° K-1. The thermal conductivity at room
temperature of GaN is 1.3 W/cm-°C, nearly equal to the 1.45 W/cm-°C of silicon and about three times higher than GaAs.
After two decades of research, both p-type and n-type GaN have now been produced in hetero-epitaxial thin films. In the best
of this material (e.g., with X-ray 6/2-0 diffraction data exhibiting a full width at half maximum of about 27-28 arc-seconds;
Plano et al., 1994), acceptors freeze out at about 205 K and holes exhibit a mobility of 450 cm?/V-s. Electron mobilities of
1,200 cm?/V-s at room temperature have been observed. Both of these values exceed those of SiC but not of diamond. With
better crystallinity, these mobilities may perhaps be

Copyright © National Academy of Sciences. All rights reserved.
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expected to further improve. The dielectric strength is believed to be about equal to that of SiC and its computed peak
electron velocity exceeds 2 x 107 cm/s.
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Figure 2-8 Band structure of hexagonal and cubic modifications of AIN. Source: Based on Lambrecht and Segall
(1992).

A large number of luminescent features have been reported between 1.65 and 3.5 eV in GaN. These have been attributed
to a variety of impurities and defects. However, there is a great deal of controversy in the literature as to the various
interpretations. A number of articles have reviewed the literature of luminescence and absorption lines in ALN and GaN
(Strite and Morkoc, 1992; Choyke and Linkov, 1993). Although there is currently great commercial potential for GaN optical
devices, the beneficial impurities and defects of this material for luminescent features are detrimental for high-temperature
device operation.

Indium nitride exhibits a direct bandgap of 1.9 eV and an indirect bandgap only slightly higher. Its thermal conductivity
and most other properties have not yet been definitively ascertained. Its lattice constant of 3.5 A considerably exceeds that of
SiC, ALN, and GaN. Double heterostructures of GaN/InGaN/GaN currently exhibit the brightest purple, blue, and blue-green
LEDs ever made. The blue and blue-green devices are commercially available from Japan and exhibit an operating efficiency
of about 2.7 percent.

Copyright © National Academy of Sciences. All rights reserved.
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Figure 2-9 Band structure of hexagonal and cubic modifications of GaN. Source: Based on Lambrecht and Segall
(1992).

The nitride materials, like diamond, are very difficult to etch with liquid etchants. This is an active area of research,
however, and phosphoric acid and sodium hydroxide have recently been found to work on both ALN and GaN. Also like
diamond, the nitride semiconductors can be left exposed to the atmosphere at high humidity for months at a time without
becoming oxidized or otherwise having their surface properties changed. Unlike GaAs, the nitrides do not exhibit self-
depleting surface states. For this reason, devices employing p-n junctions do not exhibit high surface recombination
velocities, which should lead to a long laser-operating life and to extremely long charge-storage capability (e.g., millennia)
and extremely low-leakage devices suitable for applications such as nonvolatile memories.

Crystal Growth

Very little work has been done in attempting to synthesize boules of the nitrides. Japanese researchers have synthesized
small boules of ¢cBN via high-temperature, high-pressure processes and have even made light-emitting p-n junctions of the
material. The material was so contaminated by impurities, however, that the absorption band edge was not very sharp and its
bandgap

Copyright © National Academy of Sciences. All rights reserved.
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was difficult to ascertain. The p-n junctions emitted light in both the visible and in the ultraviolet. Most of the cBN research
in the United States has been directed at thin-film synthesis on diamond. It is exceedingly difficult to obtain films thicker than
20 nm that are not polycrystalline or fractured. The only high-temperature, high-pressure attempts to synthesize boules of
GaN have been in Poland (Perlin, 1993)—however, the boules were very small. Some boule growth has been attempted with
AIN, but these efforts have generally not been successful to date.

DIAMOND

Materials Description And Properties

Diamond has been admired as a jewel since antiquity and has been studied for a very long time. In fact, Sir Isaac
Newton made measurements of the index of refraction of diamond some time around 1665. Large single crystals are found in
nature, and synthetic diamonds have been made in high-temperature, high-pressure anvil machines for about 40 years.
However, from a semiconductor standpoint, only limited impurity and defect control has been possible to date. Low-
temperature and low-pressure polycrystalline film growth has been actively pursued in the last 10 years, but no high-quality,
single-crystal films have yet been obtained. The major properties of crystalline diamond are well understood, and two
excellent books chronicle the development of artifact diamond and tabulate its known properties (Davis, 1992; Spear and
Dismukes, 1994).

Diamond is an indirect-gap semiconductor, with the lowest minima of the conduction-band being located along the delta
axes (k = 0.76[1,0,0]). The valence band maximum has a structure that is common to all Group IV semiconductors. There are
three bands that are degenerate at the I' point when spin is neglected. A band calculation by Chelikowsky and Louie (1984) is
shown in Figure 2-10. The indirect energy gap at room temperature is 5.5 eV, and between 135 K and 300 K the variation of
the bandgap with temperature is given by -5 x 10~ eV/K. The exciton binding energy, E,, is about 80 meV.

Effective masses have been measured and calculated in high-quality bulk diamond crystals. The electron effective
masses are m_L = 0.36 m,, and Ty = 1.4 m, The effective masses of the holes are m, = 1.08 m,, £y = 0.36 m,, and my, =
0.15 m,. Hall mobilities have been obtained for n- and p-type diamond as follows: p = 2,200 cm?* Vs (RT), and p;, = 1,600
cm?/V-s (RT).

Diamond is famous for its excellent thermal conductivity. In the last few years single isotope diamond has been
produced, and it has a higher thermal conductivity than natural diamond (i.e., 32 W/cmeK; Anthony, 1994). Ordinary isotopic
ratio diamond has a thermal conductivity as shown in Figure 2-11. The dielectric constant of diamond measured at 300 K is
5.5. The lattice parameter a is 3.56683 A at 298 K. Linear thermal expansion coefficients for various temperatures are

Tx 100K (300 K),

"3 x 106 K1 (600 K),

"4 x 106K (900 K), and
~5 x 106 K-! (1200 K).

The density of diamond is 3.51525 g/cm?, as calculated from the lattice constant. The second-order elastic constants for
diamond are ¢;; = 10.764 x 10'? dyne/cm? (296 K), c;, = 1.252 x 10!2 dyne/cm? (296 K), and ¢4y = 5.774 x 102 dyne/cm?
(296 K).

Methods Of Synthesis And Characterization

Synthesis

Aside from the high-pressure, high-temperature synthesized boules of diamond, virtually all diamond films are grown by
plasma-assisted methods in the presence of an abundance of atomic hydrogen. The feedstock typically consists of 99 percent
H, and 1 percent CH4. There are many variations of this basic method. While conventional (lower bandgap) materials are
typically synthesized at substrate temperatures approaching two-thirds of the melting temperature, this is not possible with
diamond and some of the higher bandgap materials. The typical substrate temperature of 900 °C cannot be used to assure that
feedstock species alighting on the growth surface are fully "activated." The activation-energy threshold (E,) is generally
composed of three parts: (1) energy sufficient to dissociate the molecule of radical, (2) energy sufficient to chemisorb rather
than physisorb the feedstock species, and (3) energy sufficient to ensure that the adsorbed species arrive at a proper lattice
site. In diamond-film synthesis,

Copyright © National Academy of Sciences. All rights reserved.
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this is typically accomplished by providing kinetic energy to the feedstock species and to the atomic hydrogen. This kinetic
energy is typically imparted via a plasma. These plasmas are generated by direct current (including arc jets), radio frequency
fields, microwave fields, or by combustion (e.g., oxy-acetylene torch). Diamond-film synthesis has an additional
complication unknown to the synthesis of any other semiconductor. The lowest energy form of its surface is that of an sp,-
configured 7 bond that is graphitic in character. When the diamond surface is so constructed, only graphite can be grown on
it. To prevent this unwanted surface construction, the surface is terminated by hydrogen, but this hydrogen must be removed
and quickly replaced by carbon to grow the diamond. Since hydrogen bonds to the diamond surface with an energy of 104
kcal/mol versus the 88 kcal/mol of the carbon-carbon bond, it is not easy to remove. Removal requires energetic hydrogen in
a "sea" of hydrogen atoms and (typically) methyl radicals or acetylene. For every 10* hydrogen atoms removed from the
diamond surface, only one is replaced by a carbonaceous radical; the remainder are replaced by another hydrogen. The
growth process is thus slow and relatively inefficient, although DC arc jets and combustion jets have grown diamond at rates
exceeding 100 micron/h. The cost and safety aspects of methane and gaseous hydrogen storage are in some cases
circumvented by an alcohol and water plasma process. Several halogen-based techniques are also currently under
investigation to reduce the synthesis cost. The target for diamond is to grow large areas of single crystals. This has not yet
happened. Single crystalline diamond has not yet been grown on any substrate except natural diamond and cBN. Cubic BN is
much less plentiful than natural diamond and available only in very small sizes. Attempts to synthesize diamond on all other
foreign substrates has resulted in films characterized by numerous low-angle grain boundaries and much worse. Large area
arrays of seeded natural diamond on silicon has resulted in mosaic diamond films.

g

Figure 2-10 Band structure calculation of diamond. Source: Based on Berman and Martinez (1976).

Characterization

The preferred method of characterization of the diamond films is by Raman spectroscopy. An unstrained diamond film
exhibits a Raman signal at 1,332 ¢cm!. The full width at half maximum of this Raman signal is an
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Figure 2-11 Thermal conductivity of two Type Ila diamonds. Source: Based on Berman and Martinez (1976).
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indication of the quality of the film. The best of type Ila natural diamond (diamond with no active optical centers) typically
exhibits a full width at half maximum of 2.2 cm™!' or slightly less. The best of artifact homo-epitaxial diamond films was
grown by microwave plasma-enhanced CVD and was characterized by a Raman signal of 1.7 cm™'. The full width at half
maximum Raman signature has been correlated with the thermal conductivity of diamond. In polycrystalline diamond films, a
full width at half maximum Raman signature of 3.2 cm™! generally ensures that the thermal conductivity (in the direction of
growth) exceeds 17 W/cm'K and the electrical resistivity exceeds 10° Q-cm. Diamond films can be grown with intrinsic
resistivities of 10'% Q-cm and larger, but at slower growth rates (e.g., < 1 um/h).

Diamond Processing

Diamond is not etched by boiling acids or bases. There are two preferred methods of processing diamond. The first is the
use of kinetic energy beams of oxygen or oxygen-containing molecules or radicals. The second method is by electrolytic
etching. The electrolytic etching is generally limited to removal of defect-ridden or otherwise conducting regions of diamond.
Boron is the only universally recognized acceptor impurity that can be controllably introduced into diamond. Until recently,
only a small portion of the boron in diamond was electrically activated. It can now be introduced and nearly 100 percent
electrically activated by a series of implantation processes to concentrations of 1 x 10'%/cm?. By a similar procedure the same
investigator stated that he has activated phosphorous in diamond at 80 MeV (Prinz, 1994).

Copyright © National Academy of Sciences. All rights reserved.
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3

Device Physics: Behavior at Elevated Temperatures

HIGH-TEMPERATURE EFFECTS: FUNDAMENTAL, MATERIALS-RELATED
PROPERTIES

Although technological considerations such as gate and ohmic contact metallization, as well as dopant profiles are an
inextricable component of device behavior at elevated temperatures, it is useful to specifically focus on the device physics
expected at elevated temperatures, aside from the technologically relevant, but perhaps addressable issues, such as increased
diffusion of dopants. The fundamental device physics, dependent on the materials properties, include parameters such as
carrier concentrations, scattering, and leakage current, and are described below.!

Carrier Mobilities 2

The mobilities of the charged carriers will determine the speed of operation of the devices, and those mobilities are
expected to change with increased temperature of operation. There are a variety of carrier scattering mechanisms in the
semiconductor material that will limit carrier mobilities: principal among these are acoustic phonon scattering (also referred
to as lattice scattering and ionized impurity scattering’ which refers to the Coulombic interactions between the charged
carriers (electrons or holes) with the ionized dopants that give rise to the free carriers. To a first approximation, for a given
material, the mobility limitation from ionized impurity scattering scales with temperature as T3 (that is, the mobility
decreases at lower temperatures), while that from acoustic phonon scattering scales as T->? (mobility decreases at higher
temperatures). However, the mobility also depends on factors such as the density of ionized impurities, which also varies
with temperature. In addition, for polar semiconductors, such as GaAs, optical phonon scattering becomes important.
Moreover, the critical, current-carrying area of some devices comprises a thin sheet of charge near a hetero-interface. This
characterizes the inversionlayer charge at the interface of silicon and silicon dioxide in metal-oxide semiconductor field effect
transistors (MOSFETSs). In this case, other factors will affect the charge scattering and hence the mobility. Some of these
factors include the presence of charged defects in the oxide, or at the interface, as well as morphological roughness of the
interface. The total mobility at a given temperature is then determined by summing up all the significant contributions to
carrier scattering.

Figure 3.1 shows the calculated dependence of mobility on temperature for undoped 6H-SiC and 3C-SiC (Shur et al.,
1993). The mobility of the 6H-SiC decreases from 420 cm?/V-s at 25 °C to around 120 cm?/V-s at 200 °C. The room-
temperature mobility for SiC doped in the 10'7 cm™ range is expected to be lower (~250 cm?/V-s), since the impurity
scattering has been increased. Figure 3.2 shows the calculated electron mobility as a function temperature for n-type GaN,
doped 10'7 cm?3,

Intrinsic Carrier Concentrations: Dependence on Bandgap Energy and Temperature

Thermal energy, kT, can be sufficient to promote electrons from the valence band to the conduction-band, giving rise to
a thermally generated current, which is not

! For a more detailed consideration of some of the properties described in this chapter, it is suggested that a basic
semiconductor text be consulted, such as S.M. Sze's Physics of Semiconductor Devices (1981).
2 Further discussion on this topic can be found in Ridley (1993).

Copyright © National Academy of Sciences. All rights reserved.
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controlled by explicit device operation. In fact, at sufficiently high temperatures, the thermally generated intrinsic carrier
concentration can exceed the density of explicitly introduced dopants: thus the ability is lost to control the concentration of
the charge carriers in the device. The intrinsic carrier density for a given material is given by

Figure 3-1 Calculated electron mobility as a function of temperature for undoped 6H-SiC and 3C-SiC. Source: Shut
et al. (1993).

E
o . 0

where k and h are Boltzmann's and Planck's constants; T is the absolute temperature; my, and my, are the electron and
hole effective masses, expressed in multiples of the free electron mass; and E, is the bandgap energy. In an intrinsic
semiconductor, n; = n = p, where n is the electron density and p is the hole density. The simple effect of increased
temperature on Equation (3.1) is to increase n;, hence leakage current. This is a critical concern for technologies that depend
on an insulating or semi-insulating substrate, which is the case for GaAs metal semiconductor field effect transistors
(MESFETs). A semi-insulating GaAs substrate will show approximately six orders-of-magnitude decrease in bulk resistivity
from 25-300 °C, resulting in a substrate leakage current that cannot be controlled by the device gate (Look, 1989; Lee et al.,
1995).
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Figure 3-2 Calculated electron mobility as a function of temperature for GaN doped n-type, 10!7 cm?. Source: Shur
et al. (1993).

For a given temperature, the intrinsic carrier density is less for a larger bandgap material. These data are plotted in
Figure 3.3 for silicon, GaAs, and SiC (the temperature dependence of E, is neglected here). As the temperature is increased,
n; increases rapidly. Moreover, most semiconductors have bandgaps whose magnitudes decrease as the temperature is
increased. This is shown in Figure 3.4 for silicon, doped with either n-type or p-type at different concentrations. For example,
the bandgap energy in intrinsic silicon decreases by 0.083 eV from room temperature to 300 °C. This represents an increase
in intrinsic carrier density at 300 °C of 2.5 times over the room-temperature intrinsic carrier density.

]

-

-

Figure 3-3 Intrinsic carrier density for silicon, GaAs, and SiC.

Copyright © National Academy of Sciences. All rights reserved.
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Figure 3-4 Decrease in silicon bandgap with increasing temperature. Source: Sze (1981).

PREDICTING HIGH-TEMPERATURE-DEVICE PERFORMANCE: MATERIALS-RELATED
FIGURES OF MERIT

The high-temperature effects described above have been reported to have first-order effects on device operating
characteristics (Khan et al., 1993b), which are described in greater detail below. Figures of merit, based on the materials
parameters affecting devices, provide a useful basis of comparison for the possible technologies. In the figures of merit
discussed below, the highest values possible are desirable. Johnson's Figure of Merit (JFM; Johnson, 1965) relates to the
frequency and power product of a semiconductor transistor, and is given by

M - [ﬂ]1 . 23

B

where E,, is the avalanche breakdown electric field and vy is the carrier saturated velocity. JEM can also be viewed as
the square of the quotient of the breakdown voltage of a semiconductor layer and the intrinsic transit time for carriers moving
through the layer. JFM accounts for the fact that in an intrinsic device (i.e., one without parasitic resistance or reactance)
there is a tradeoff between the time a carrier spends gaining energy in an electric field as it drifts through a device and the
response time of the device. JFM is related to electronic properties and does not account for thermal effects.

The Keyes' Figure of Merit (KFM; Keyes, 1972) takes into account the thermal properties of a material and is given by

v
EFM = 3 —']I . .
[::u "

where A is the material thermal conductivity, ¢ is the velocity of light in vacuum, and ¢ is the material dielectric
constant. Keyes assumes that smaller devices are inherently faster in response at fixed electronic-input impedance level.
However, devices cannot be made smaller without increasing the thermal resistances, thereby limiting the power output and
introducing thermal conductivity as a factor. The breakdown field is not significant in this figure of merit since KFM
addresses a thermal rather than an electronic limit.

Baliga (1982) noted the role of the saturation velocity, v, in both the JFM and KFM, which is important for high-speed
electronics but not necessarily the major parameter for devices to be used in power applications. instead, he emphasized the
role of high carrier mobility and large electric field at breakdown (E,). For lower-frequency power devices, where
conduction loss in the on-state is the dominant power loss, the figure of merit is

BFM = epE) . .4

At higher frequencies, switching losses due to charging and discharging of the device capacitance assumes greater
importance. in that case,

EHEM = epES . )

Recently, Chow and Tyagi (1994) have carried out a comparison of figures of merit of various semiconductors for high-
power and high-frequency unipolar devices. A portion of their results are shown in Table 3-1. The calculations are made at
room temperature, rather than at some elevated temperature of operation, as has been the norm for these calculations. It is
generally a safe assumption that the materials advantages leading to higher figures of merit at room temperature will persist at
higher temperatures. Breakdown voltages, mobilities, and saturation velocities will be degraded in all cases, but should fall
off with temperature less precipitously for the wide bandgap materials than for silicon or GaAs. For JFM, the high breakdown
field dominates, making all of the wide bandgap materials attractive compared to silicon, germanium, and GaAs. Since the
figures of merit weight various properties, they do not appear to provide a clear

Copyright © National Academy of Sciences. All rights reserved.
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choice among the different wide bandgap materials. The high thermal conductivities of the wide bandgap materials increase
the values of KFM. Also, their lower dielectric constants reduce the capacitance per unit area, thereby further increasing KFM.

TABLE 3-1 Comparison of Normalized Figures of Merit of Various Semiconductors for High-Power and High-
Frequency Unipolar Devices

Material JFM KFM BFM BHFM
Silicon 1.00 1.00 1.00 1.00
Germanium — — 0.13 0.28
Diamond (a) 5,330 31 14,860 1,080
Diamond (p) 6,220 32 11,700 850
AIN (n=14) 5,120 2.6 390 14
AIN (p = 1,090) 5,120 2.6 31,670 1,100
AlAs 630 — 7.3 2.0
GaAs 11 0.45 28 16
GaN 790 1.8 910 100
6H-SiC 260 5.1 90 13
3C-SiC 110 5.8 40 12
4H-SiC 410 5.1 290 34

SOURCE: Chow and Tyagi (1994).

The figures of merit suggest that devices whose limitations are principally due to their electronic limitations, such as
saturated velocity or breakdown electric field, can achieve higher power density in the wide bandgap materials. Field effect
transistors are among this class of devices. For devices whose operation is limited by thermal considerations, such as the
material thermal resistance, higher power density should also be achievable in the wide bandgap materials. Among these
devices are bipolar transistors. These predictions must be moderated by the fact that figures of merit generally provide a
rough estimate of performance, since only the "intrinsic" device is considered. The figures of merit do not fully account for
parasitic resistance and other detailed effects that limit device performance and that require more careful examination for a
particular device technology.

Device Physics At High Temperatures

More-detailed discussions of the effects of high temperature on device performance are given in Appendices A and B for
silicon- and GaAs-based technologies operating at high temperatures. Appendix C presents detailed considerations of the
influence and issues that surround insertion of the wide bandgap semiconductors into microwave devices. Specific issues of
consequence for high-temperature device operation are (1) the effect on device conductivity in the on-state, and (2) the effect
of leakage currents in the off-state. The examples below provide an introduction to the issues that are of concern for device
technologies, building upon the high-temperature changes in carrier density and mobility.

Junction Leakage: p-n Junctions And Diodes

Shenai et al. (1989) have approximated junction reverse leakage currents to have the following dependence, at elevated
temperatures:

Copyright © National Academy of Sciences. All rights reserved.
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1 G Tearpanytun (LA

Figure 3-5 Calculated reverse leakage current densities in p-n junctions of various materials. Source: Shenai et al.
(1989), © 1989 IEEE.
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where Jg is the generation leakage current density at T = T, = 300 K. The generation current occurs due to thermal
generation of electron-hole pairs in the depletion region; the holes and electrons are forced out of the region by the electric
field across the region. For the wide bandgap semiconductors, at elevated temperatures, the principal contribution to leakage
current is this generation current, rather than diffusion currents that are generally the dominant component for silicon. Hence
the diffusion current density has been assumed to be negligible; in the plot of calculated reverse leakage current densities, Ji,
shown in Figure 3-5, the results for silicon are only valid for T > 125 °C.

Such junction leakage will also affect bipolar devices; collector-base leakage currents increase with increasing
temperature. Decreased mobility that arises from increased temperature can cause increased base and collector resistances.
This in turn can bring about an increased collector-emitter saturation voltage, Ve, Which can easily interrupt circuit
functions using bipolar technology (Beasom and Patterson, 1982).

Schottky Leakage

In devices that utilize Schottky barrier junctions, such as MESFETs, reverse leakage currents also increase at elevated
temperatures and pose a limitation to device operation. The reverse leakage current of an ideal Schottky barrier diode is
approximately given by

Jo= AT ﬂpl‘%) P 3.7

where A* is an effective Richardson constant and 1B is the Schottky barrier height for thermionic emission. For devices,
such as the MESFET, where the Schottky junction serves as the gate electrode, it is desired that carrier injection across the
barrier under forward bias be minimized, as well as the reverse leakage current. Such forward biased injection is increased at
elevated temperatures in both Schottky junctions and p-n junctions.

Threshold Voltage Shifts

The intricate, coordinated interactions of devices within a circuit depend on the control of the threshold voltages of the
component devices. Fermi level changes with temperature reduce the magnitude of the threshold voltage, V,, as temperature
increases. For example, for MOSFETs, the threshold voltage is given by

o, RN

Vp = 24, - " C—@” , .8

where ®yg is the metal semiconductor work-function difference, Qg is the fixed charge located at the silicon-SiO?
interface, C,, is the gate oxide capacitance per unit area, N is the substrate doping density, and ¢ is the dielectric constant of
silicon. Oy and @y are temperature-dependent and Qg has been shown to be temperature independent, at least up to 200 °C.
The change in threshold voltage versus temperature for n- and p-channel MOSFET devices is shown in Figure 3-6.

Copyright © National Academy of Sciences. All rights reserved.
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Figure 3-6 Variation in threshold voltage versus temperature for n-and p-channel MOSFET devices. Source: D.M.
Brown et al. (1994).

Leakage currents represent the ultimate degradation factor with respect to high-temperature operation of silicon
MOSFETs and metal-oxide semiconductor (MOS) integrated circuits. At high enough temperatures, the drain to body
leakage currents can increase by orders of magnitude and become comparable to the drain channel currents; the transistor can
no longer be turned off by the gate. Such leakage lowers noise margins, making the design of static digital devices difficult,
and making dynamic circuits and memories impossible to produce. In addition, mobility degradation in MOSFETs at elevated
temperatures causes the transistor transconductance to decrease.

Choice Of High-Temperature-Device Technologies

The impetus for high-temperature, high-power operation is sufficiently compelling, and there have already been
demonstrations of such operation in silicon and GaAs devices. In addition, temperature-dependent extrapolations of device
performance and materials-dependent figures of merit allow us to make some assessment of device performance at elevated
temperatures for the newer wide bandgap materials such as SiC and GaN. These factors are the basis for the predictions of
Figure 3-7, suggesting the materials technologies that will be appropriate for the various temperatures of operation.

In general, the limitations of leakage currents at elevated temperatures places a greater constraint on small-signal
devices, compared to digital logic. Reduced mobility and leakage sets a more stringent limitation yet on the performance of
microwave devices. Dynamic random access memories (DRAMs) may be further limited by leakage of charge stored in
capacitors. We note that the temperature range of-55 °C to 125 °C are the current military specifications that many device
technologies must satisfy.

For silicon technology, transistor operation has been demonstrated up to 450 °C (Migitaka and Kurachi, 1994); since
leakage currents are already large at this temperature, it is unlikely that silicon devices will be operated at significantly higher
temperatures. Since analog-device operation is more strongly affected by the changes in leakage current, gain, and threshold
voltages that occur with temperature, it is estimated by the committee that high-temperature operation of these devices will
hold good to only 350 °C. Microwave devices, operating at high power densities, would be subject to more severe
temperature limitations than small-signal analog devices; hence the committee extrapolates a maximum operating
temperature of 200 °C. Power devices have been demonstrated, operating at temperatures as high as 250 °C. Since
conventional DRAMs are strongly affected by the leakage currents associated with higher temperature, the committee
estimates the maximum temperature of operation to be 150 °C. Devices that were specifically designed for high-temperature
operation, with larger charge storage capacitors or based on other memory-cell architectures, perhaps with larger areas, would
be capable of a somewhat higher-temperature operation. Finally, reasonable reliability has been demonstrated at 250 °C for
bipolar logic (Migitaka and Kurachi, 1994) and at 200 °C for complementary metal-oxide semiconductor (CMOS) logic
(Foyt, 1994).

The higher bandgap of GaAs is expected to lead to a somewhat higher-temperature operation than silicon. Transistor
operation has indeed been demonstrated at 500 °C (Shenoy et al., 1994). The alloy system AlGaAs, with still larger bandgaps,
should allow still higher temperature operation.

Small-signal analog devices have been shown to operate at 300 °C (Bottner et al., 1991); the extrapolation to operation at
400 °C is based on the observation that analog applications are more strongly affected than digital

Copyright © National Academy of Sciences. All rights reserved.
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by the changes in leakage currents, gain, and threshold voltages caused by high temperature. Microwave devices have been
operated at 300 °C (Wurfl et al., 1994), and the extrapolation to 350 °C operation reflects again the more constraining effects
of temperature on these devices, compared to small-signal analog devices.
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Figure 3-7 Operating temperatures for different devices per material.

DRAMs, in the conventional sense, are not made using GaAs. As for power devices, conventional metal-insulator
semiconductor field effect transistors (MISFETs), popular power devices in silicon, are not possible in GaAs, due to the high
interface recombination velocity. Other power devices, including the thyristor based devices, have not yet been attempted,
even with the excellent development of other device types and integrated circuits in this materials system.

Although the wide bandgap materials still represent nascent technologies, there have already been demonstrations of
devices that have exhibited DC transistor operation at considerably higher temperatures than available through silicon or
GaAs devices. SiC transistors have shown operation at temperatures as high as 650 °C (Palmour et al., 1991), and they are
projected to operate at still higher temperatures. Based on material fundamentals, operation to over 1000 °C should be
possible. There is as yet little information on SiC digital logic. Xie et al. (1994) demonstrated some SiC enhancement-mode n-
channel metal-oxide semiconductor (NMOS) circuits to 300 °C, which included simple gates, latches, and flip-flops. Based
on the demonstrated transistor characteristics, and on material fundamentals, operation to at least 650 °C should be possible.
D.M. Brown et al. (1994) have demonstrated operational amplifier operation to 350 °C. The extension to 550 °C is based on
estimates similar to those for silicon and GaAs. Similarly, the same estimates apply to the expected performance of power
devices at elevated temperatures. The high-frequency results for SiC are currently not available. Thus the committee was
unable to make an accurate appraisal of its microwave potential. The lack of a SiC CMOS for analog could restrict potential
device applications, however.

Device work in the nitrides is in the very early stages; however, the results are already very exciting. The

Copyright © National Academy of Sciences. All rights reserved.
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current devices are made in epitaxial layers with very high defect densities. Nevertheless, reasonable transistor action has
already been achieved to 350 °C (Binari et al., 1994). Based on fundamentals, operation to over 1000 °C should be possible.
Although it is too early to give an accurate estimate of high-temperature operation of most applications (e.g., digital logic
small-signal analog, power, and DRAM), if the estimates based on operation of transistor action are reasonably accurate,
operation to very high temperatures should be possible. The projected operating temperatures in Figure 3.7 are based on
estimates similar to those for silicon, GaAs, and SiC. As for transistor operation, the results for microwave devices at this
early stage of materials development are very encouraging. Maximum frequencies of oscillation as high as 35 GHz have
already been reported (Khan et al., forthcoming).

Figure 3.7 should serve only as an approximate basis of comparison, as is true for the figures of merit, representing
informed extrapolations. To uncover the true limitations or capabilities will require further experimentation. The intention is
to more clearly focus on desired operating temperatures and the concomitant most promising device technologies in those
temperature regimes.

Copyright © National Academy of Sciences. All rights reserved.
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4

Generic Technical Issues Associated With Materials For High-
Temperature Semiconductors

For the high-temperature semiconductors being considered in this report, process technologies must be assessed in
addition to performance effectiveness. The existence of processing technology that is compatible with high-quality materials
will determine whether a device and circuit technology can be built from these materials.

This chapter discusses the most important materials-dependent processing technologies required for the production of
high-temperature semiconductors. The following issues are considered: (1) electrical contacts, (2) doping and implantation,
(3) gate oxides and insulators, (4) etching, (5) defect engineering and control, (6) yield, and (7) device reliability. The
committee expects more focus on these areas as the high-temperature device technologies mature and as more long-term
reliability studies at elevated temperatures take place.

ELECTRICAL CONTACTS

The requirements for high-quality contacts for high-temperature electronic devices are similar to their low-temperature
counterparts, but these contacts may be more prone to degradation at their elevated temperatures of operation. Therefore,
studies on the mechanisms of intermetallic and metal semiconductor reactions, interdiffusion reactions, and electrical changes
as a function of time will be critical to projecting device stability and reliability. Finding a means of forming effective,
reliable contacts to high-temperature semiconductors will obviously have important consequences to other device
applications of these wide bandgap materials.

This section focuses on ohmic contacts to SiC and GaN, and Schottky contacts to SiC. Of the wide bandgap
semiconductors, research in electrical contacts to these materials is currently the most mature. Although progress with GaN
has been encouraging, ohmic contacts with low contact resistance remains a significant issue that needs to be addressed for
the nitrides and diamond. Some of the high-temperature metallization issues for ohmic contacts are addressed since the initial
choices of metals must begin by addressing the high-temperature issues. Extensive testing and stressing at high temperatures
is only in initial stages, however.

Schottky Contacts To SiC

Most transition metals form good Schottky contacts on n-type (o- and B-) and p-type (a-) SiC with Schottky barrier
heights (SBHs) typically greater than or equal to 1 eV. Positive correlations that were less than 1 eV between the SBHs and
work functions of several metals were found in a number of studies (Waldrop et al., 1992; Porter et al., 1993, 1995a, b;
Waldrop and Grant, 1993). These results indicate a partial pinning of the Fermi level in SiC. Low leakage currents at room
temperature for contacts on both n- and p-type 6H-SiC have been common, while the characteristics of contacts on B-SiC
films have been very dependent on the quality (i.e., defect density) of the f-SiC films. Breakdown voltages greater than 1,100
V for gold diodes on the carbon-terminated surface (Urushidani et al., 1993) of n-type 6H-SiC have been achieved. Recently,
Schottky diodes in pre-production packaging have been demonstrated with breakdown voltages greater than 1,200 V.

Ohmic Contacts To SiC

The combination of the wide bandgap and surface states in SiC make the fabrication of ohmic contacts to this material,
especially p-type SiC, exceptionally difficult

Copyright © National Academy of Sciences. All rights reserved.
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to achieve. Most ohmic contacts rely on high doping concentrations in the SiC and must be annealed at temperatures between
800 °C and 1300 °C (Porter et al., 1995a, b). Tables 4-1 and 4-2 list selected ohmic contact metallizations and their
corresponding contact resistivities on n- and p-type 6H-SiC, respectively. Additional ohmic contacts are shown in Table 4-3.
Annealed nickel and aluminum have been the most common ohmic contact metallizations for n- and p-type (a- and B-) SiC,
respectively. Because of the very high thermodynamic driving force for oxidation of aluminum, annealing aluminum, or
aluminum alloys can result in the formation of an insulating oxide layer.

TABLE 4-1 Selected Ohmic Contacts to n-Type 6H-SiC and Measured Contact Resistivities at Room Temperature

Contact Metallization ~ Carrier Concentration Annealing Contact Resistivity Reference
(cm?) in 6H-SiC Conditions (Q-cm?)
TiW 4.7 x 10'8 600 °C/5 min 7.8 x 10 Crofton et al., 1991
Titanium 1x10% none <2 %107 Alok et al., 1993
Nickel 7-9 x 1018 950 °C/2 min <9 x 10°¢ Crofton et al., 1994
Ni/3C-SiC 1-2x 108 1000 °C/30 s 1.7-6 X107 Dimitriev et al.,
1994

SOURCE: Porter et al. (1995b).

The fabrication of ohmic contacts that have low contact resistivities ( < 10~ Q-cm?) and are thermally stable on SiC will
be one of the most critical issues for the advancement of SiC devices. In addition to reducing the Schottky barrier, the
reactions at the metal/SiC interface and their kinetics must be considered if SiC devices are to be operated at high
temperatures.

Ohmic Contacts To GaN

Table 4-4 summarizes some of the state-of-the-art contacts made to GaN. Generally, good ohmic contacts have been
made to both n- and p-type GaN. SBHs are found to be dependent on the metallic work function, indicating that the surface
Fermi energy of GaN is unpinned, in contrast to both SiC and ZnSe (and most other compound semiconductors). Morkoc et
al. (1994) speculates on the nature of the low-resistance contacts to GaN. Two possible mechanisms for low-resistance
contacts are discussed: low-barrier Schottky contacts coupled with intermediate or graded bandgap interfaces and tunneling.

DOPING AND IMPLANTATION

Finding suitable shallow dopants for large bandgap semiconductors is one of the major limitations to the development of
these materials for device applications. Doping has been achieved by co-deposition during growth of the film itself, or by ion
implantation. Both of these technologies have been employed for all the large bandgap semiconductor materials with greater
or lesser success, depending on the particular system. Diffusion doping has been attempted in some cases, but this approach
has been found to be unacceptable for device fabrication.

Doping to achieve both n- and p-type materials in SiC has been shown to be easier, for example, than in either GaN or
ZnSe. For SiC, nitrogen has been predominantly used as the n-type dopant, while aluminum is generally used as the p-type
dopant. With respect to doping by implantation, SiC, particularly 6H-SiC, has been the most widely studied of all large
bandgap semiconductor materials. Methods for both n- and p-type doping of Group III nitrides are required. As improved
quality materials become available in GaN and AIN, similar studies are anticipated.

Doping Of SiC

Nitrogen is the most frequently used n-type impurity, while aluminum is most common for p-type doping in

Copyright © National Academy of Sciences. All rights reserved.
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CVD (chemical vapor deposition). Dopants may be introduced either during epitaxy or later using ion implantation. For
CVD, nitrogen and triethylaluminum (TEA) have proven to be suitable dopant source gases for n- and p-type doping,
respectively. When n-doping is introduced during growth, carrier concentrations as high as 1 x 10'® cm™ can be realized. Ion
implantation with subsequent argon annealing has yielded electron concentrations as high as 3 x 10'° cm™ at an n-dose of 5 x
1020 cm? (D.M. Brown et al., 1994; Clarke et al., 1993).

TABLE 4-2 Selected Ohmic Contacts to p-Type 6H-SiC and Measured Contact Resistivities at Room Temperature

Contact Metallization  Carrier Concentration Annealing Contact Resistivity Reference
(cm™) in 6H-SiC Conditions (Q-cm?)
Aluminum 1.8 x 108 700 °C/10 min. 1.7 x 1073 Crofton et al., 1991
Al-Ti 2 x 107 1000 °C/5 min. 1.5 x 103 Crofton et al., 1993
Al/3C-SiC not reported 950 °C/2 min. 2-3 x 103 Dimitriev et al.,
1994

SOURCE: Porter et al. (1995b).

Acceptor, p-type doping is a recognized problem in SiC, although considerable progress has been made. All of the
acceptor impurities thus far investigated, namely aluminum, boron, gallium, and scandium, form deep levels, are difficult to
activate, and generally require a high-temperature anneal. The depth of the acceptor levels also leads to the hole concentration
varying quite strongly with respect to temperature, considerably complicating device design and operation. Aluminum is
somewhat difficult to incorporate into the SiC lattice and high carrier concentrations are difficult to achieve. Researchers at
Kyoto University have obtained p-type carrier concentrations in the 10'? to 10?° cm™ range, using TEA in a CVD process on
the silicon face of 6H-SiC. In contrast, growth on the carbon face permitted only 2 x 10'® cm™ p-type doping. The carrier
concentration could be easily controlled down to the low p = 10'® cm™ range. On the upper end, the observed hole
concentration became nonlinear as a function of TEA flow above 10'° ¢cm™.

In general, background nitrogen causes unintentionally doped crystals to be n-type. In the best 6H-SiC samples ( < 10'4
cm™ nitrogen), background carrier concentrations in the mid-10'* cm™ range have been achieved. Further improvements
should be possible as sources of nitrogen contamination are eliminated.

A review of the optical and electrical properties of doped SiC has been published by Pensl and Choyke (1993). One
important point made by the authors is that dopants can occupy either hexagonal or cubic sites in the more complex SiC
polytypes. These different environments give rise to different binding energies and care must be taken when deconvolving the
separate contributions from Hall data. Pensl and Choyke showed that the relative abundance of the various nitrogen dopant
levels corresponded to the ratio of available binding sites. For 4H-SiC, the hexagonal (h) and cubic (k) binding energies were
measured to be 45 meV and 100 meV, respectively. A level ratio of 2:1 was found in 6H-SiC, reflecting the fact that two-
thirds of the sites have cubic bonding. In 6H-SiC Hall measurements, the measured ionization energy of the hexagonal site
was 85.5 meV, while the cubic sites were 125 meV. The experimental resolution was insufficient to resolve the two separate
cubic donor energy levels. In 3C-SiC, a value of 48 meV was determined. Typical compensation values were one to two
orders of magnitude below the observed electron concentration. Similar measurements for aluminum-doped SiC yielded an
acceptor ionization energy of roughly 200 meV for each of the three most common SiC polytypes. These values are all
smaller than those measured optically due to a reduction in the average electron energy when donor spacing is small.

In commercial SiC technology, ion implantation plays a major role. Due to the excellent stability of SiC, the material
lends itself well to high-temperature annealing for implantation-related damage removal. Marsh and Dunlap

Copyright © National Academy of Sciences. All rights reserved.
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(1970) characterized the first ion-implanted SiC junctions in 1970 that were formed by implanting n-type dopant into a p-type
substrate at room temperature. More-modem approaches utilize a process in which the target material is heated during the
implantation (Ghezzo et al., 1992). Ghezzo et al. (1993), at GE, have demonstrated improved diode characteristics using
boron-implanted 6H-SiC at high temperature with a post-annealing. A summary of the needs for ion implantation for SiC
devices has been presented by D.M. Brown et al. (1994).

TABLE 4-3 Additional Ohmic Contact for SiC

Metal Post-Treatment Contact Resistivity Description Reference
(Q-cm?)
Nickel High temperature Ohmic to source/ McGarrity et al.,
drain limited to 300 1992
°C or less
Aluminum High-temperature Gate McGarrity et al.,
anneal 1992
Gold, platinum, > 450 °C 103 to 10 Morkoc et al., 1994

titanium, hafnium,
cobalt to n/p-type

SiC

To heavily doped p- 10°¢

type

WSi, 4 %10+ Delaminates at 600 °C ~ Morkoc et al., 1994
Au/Ta/SiC 900 °C in air 1x107 Morkoc et al., 1994

Doping Of GaN

A review of the doping of GaN is given by Morkoc et al. (1994). Unintended doping of GaN, as well as AIN, results
from an n-type background concentration. With improved crystal growth techniques, background concentrations for GaN
have recently been reduced to as low as 10'® cm™. For example, Nakamura et al. (1992) have reported GaN bulk mobility, p
=600 to 1,500 cm?/V-s at 300 and 77 K, respectively, in an undoped sample with n = 4 x 1016 cm™. Nitrogen vacancies are
considered to be the most likely candidate as a donor site. Control of the nitrogen overpressure appears to be critical to
influencing this type of defect. A resurgence in activity has occurred with the recent observations by Amano et al. (1989) of
low-energy electron-beam activation of magnesium-doped GaN to produce p-type GaN. Nakamura et al. (1992) have
improved on these results by using low-energy electron-beam irradiation during the implantation. They also discovered that
annealing the magnesium-doped GaN at 700 °C in nitrogen produced equally good p-type GaN. The process was reversible
with NH; anneal where hydrogen is found to be a compensating agent. Molecular-beam epitaxy (MBE) processing that is free
of hydrogen has been found to induce p-type conducting in the as-grown state. Numerous other dopants have been used in an
attempt to produce p-type GaN, with zinc as the most effective p-type impurity. A list of these are presented in a review
article by Morkoc et al. (1994).

In addition, isolation regions have been produced by proton ion implantation. Energies and doses were unspecified
except to say that the energies and doses were selected to produce uniform compensation across a 1-um-thick film of 1 x 107
cm™ n-type GaN epitaxial layer.

Doping Of AIN

There has been little work in the area of doping of AIN. A persistent contaminant of AIN is oxygen. It is clear that major
improvements and much more work is

Copyright © National Academy of Sciences. All rights reserved.
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required to produce useful device-quality materials. Ion-implantation doping of AIN is virtually unknown, and work in this
area will require quality substrate materials that are only recently becoming available.

TABLE 4-4 Ohmic Contacts for GaN

Metal Post-Treatment  Contact Resistivity Description Reference
(Q cm?)
Titanium 25 A/Gold 250°C for 30 s 7.8 x 104 Ohmic to source & Khan et al., 1993a, b
1,500 A drain MESFET
Silver Schottky Gate metal No other Khan et al., 1993a, b
info.
Ti/Al/n-GaN 900°C for 30's 8 x 10 Good ohmic Lin et al., 1994
Gold and Au/Ni/ Contact resistance not Nakamura et al., 1991
p&n-GaN reported, but

reasonable contact
resistance deduced
from operating

voltage of 4 V at 20
mA
Al/n-GaN 10 Foresi and Moustakas,
1993
Au/GaN 1073
Doping Of Diamond

Boron is the only universally recognized acceptor impurity that can be controllably introduced into diamond. Until
recently, only a small portion of the boron in diamond was electrically activated. It can now be introduced and nearly 100
percent electrically activated by a series of implantation processes to concentrations of 1 x 10! cm. The same investigator
stated that he has activated phosphorous in diamond at 80 MeV by a similar procedure (Prinz, 1994).

GATE OXIDES AND INSULATORS

This section examines issues related to the growth of suitable gate oxides and insulating layers for field effect devices.
These are either thermally grown oxides, where appropriate, or epitaxially grown higher bandgap layers, where stable, high-
quality oxides are difficult to achieve. Not included in this discussion are films that are deposited to provide electrical
isolation (e.g., silicon oxides or nitrides). Although there may be fundamental problems with the identification of materials
that will withstand the high-temperature environment for which the associated devices are intended, the committee regards
these issues as secondary in the sense that they are not intrinsically related to a particular material choice.

Gate Oxides And Insulators For SiC

SiC benefits from its amenability to thermal oxidation to form the well-understood, characterized, and utilized SiO,. The
general consensus is that the oxidation of SiC follows that of the well-established silicon oxidation process. The total oxide
thickness, c, can be estimated by:

4+ Ac = B+,

where t is the duration of the oxidation process, A and B are temperature-dependent rate constants, and t, is a constant
that depends on the initial state of the surface (Deal and Grove, 1965). As for silicon, oxidation rates and oxide quality will
vary according to the SiC polytype, the crystal orientation, defect density, doping level, and the nature of the oxidation
conditions (i.e., whether carried out under wet or dry ambient conditions). For

Copyright © National Academy of Sciences. All rights reserved.
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example, Laukhe et al. (1981) found that the 3C, 4H, 6H, and 15R polytypes oxidized at different rates on the silicon face,
with 3C oxidizing approximately 20 percent more rapidly than 6H. The oxidation of the 6H and 3C polytypes on the silicon
and carbon faces has been characterized, contrasting the differences brought about by either wet or dry oxidation and
determining values for the rate constants A and B in the above equation (Powell et al., 1991; Petit et al., 1992). Significant
differences in the oxide growth rates of polytypes on the carbon face, as well as the silicon face, were found. The differential
oxidation rates were used to provide a map of the polytype distribution for the silicon and carbon faces of SiC films. Little
difference in oxidation rates of the polytypes were found when the silicon face was oxidized in a wet ambient or when the
carbon face was oxidized in a dry ambient; conversely, the 3C polytype oxidizes more rapidly in dry oxidation of the silicon
face and the 6H more rapidly in wet oxidation of the carbon face. These differences are obviously of critical importance in
the fabrication of MOS-quality devices. However extensively characterized, the quality of the SiC/oxide interface will still
require considerable improvement before a reliable device technology can be assured. For example, in Singh and Rys' (1993)
comparison of wet and dry oxidation of n-type, silicon-face 6H-SiC, capacitance-voltage measurements revealed the
necessity for a post-oxidation in argon. Otherwise, the capacitance-voltage curves showed no accumulation after the first
trace was taken. Under dark conditions, inversion did not occur—perhaps because of the lack of minority carriers—due to the
large bandgap of the SiC. Other work has found that sweeping from accumulation to inversion in real time required heating
the substrate to 860 °C (Morkoc et al., 1994). The extensive characterization of oxide samples revealed interface trap states
between mid-10'" cm™-eV-! and 10'? cml-eV-!, with lower trap densities for dry compared with wet oxidation, but
comparable emission time constants (~ ps). The nature of the traps may differ depending on whether the oxidation is wet or
dry, however, these values of interface states density has found corroboration in other work on n- and p-type samples
(Morkoc et al., 1994). Finally, a good dielectric strength of 6 x 10° V/cm has been measured for thermally grown oxide on
3C-SiC (Fung and Kopanski, 1984). Future approaches to form a device-quality oxide may involve the use of alternative
oxidation sources, such as N,O.

Gate Oxides And Insulators For The Nitrides

Based on the wealth of experience and research on compound semiconductors such as GaAs and InP, it is not expected
that a suitable oxide-based device technology will be developed in these materials. However, the GaN/AIN system may have
particular advantages in formation of metal insulator semiconductor (MIS) and electrically insulating structures capitalizing
on the reasonable lattice-match of the AIN and GaN (2.4 percent), and the differences in bandgap (6.2 eV for AIN, 3.4 eV for
GaN). The higher bandgap AIN or Al,Ga; N can then serve as an insulator, playing the same role as Al;Ga; (As in GaAs/
AlGaAs semiconductor-insulator-semiconductor field effect transistors (SISFETs), and the device structure would closely
approximate that shown in Figure 4-1. To give further impetus to this approach, previous measurements have indicated that
the resistivity of unintentionally doped Al,Ga; N increases rapidly with increasing aluminum mole fraction, becoming
insulating at about x = .20 (Figure 4-2), minimizing the possibility
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Figure 4-1 Schematic of the device structure for a AIN/AL,Ga,; N SISFET. Source: Morkoc et al. (1994).
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of leakage through the AIN insulator layer. Critical to the feasibility of the approach will be the nature of the interface
between GaN and AIN (or GaAlN), as well as the quality of the insulator material itself. Optimism for a high-quality
interface is built upon the already demonstrated high-quality operation of an AlGaN/GaN modulation-doped field effect
transistor (Khan et al., 1993a). Modulation of the GaN/AIN interface can be inferred from the ability to modulate the two-
dimensional electron gas and achieve complete pinch-off of this transistor.

108
100 |

10#

Prosigtiily [oFems-cm)

Q a1 &2 a3 0.4
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Cariae Concarration, n, (sm=)  Hall Mobdity, ja, (erf/ve)

Figure 4-2 Increase in resistivity of unintentionally doped Al,Ga; (N with increasing aluminum mole fraction.
Source: Morkoc et al. (1994).

Gate Oxides And Insulators For Diamond

No material-compatible oxide or insulating layer has been identified for the diamond-based technology thus far. Device
realizations have generally comprised MESFET-like structures. The production of MOSFETs using CVD oxides has also
been attempted.

ETCHING

Pattern transfer by etching is a critical component of any device and circuit fabrication scheme. For certain stages in the
fabrication sequence, such as etch cleaning of the substrate surface, or etch delineation of patterns having large dimensions
(tens of microns), wet chemical etching is the preferred process. Many of the materials under discussion here, such as SiC or
diamond, are relatively inert to general chemical etchants. However, constraints of high-resolution features, control over
etched profiles, and etch-rate and process reproducibility have generally led to dry etching techniques as the choice for
manufacturing-compatible processes. In this regard, dry-etch chemistries and processes have already been applied and are
meeting with reasonable success. The manufacturing-related issues of uniformity and control will have to be further explored,
as is being done even for the silicon-based technologies. Furthermore, although the initial applications of dry etching to the
wide bandgap materials have met with success, much more work remains in order to delineate the basic mechanisms, the rate-
limiting steps, the quality of the etch surface, the possibility of etch-induced damage, etc.

Etching Of SiC

Successful reactive-ion etching (RIE) has been carried out on SiC, primarily incorporating the same chemistries that
have been established and proven successful for silicon-based technology (i.e., the use of fluorine-containing gases that reacts
with silicon to form the volatile SF,). Pan and Steckl (1990) have utilized SF4, CF;Br, and CHF; mixtures with oxygen and
generally achieved modest etch rates of a few hundred angstroms per minute. A factor that differs from conditions in which
most silicon RIE is carried out is the generally large component of oxygen utilized (35-90 percent by flow), thought to be
important in removal of the carbon through generation of the volatile product, CO,. Chlorine (Balooch and Olander, 1992)
and chlorine-containing gases, such as CCl, (Lo and Huang, 1992), have also been utilized, as well as CF,/O, (Padiyath et al.,
1991) and NF;/O, (Brown, 1993). Although the etch rates obtained range from 50-200 nm/min and are comparable to those
found for RIE of silicon under a very fluorine-rich etch condition (SF¢ + 35% O,; Pan and Steckl, 1990), silicon was found to
etch about an order of magnitude more rapidly than SiC.

Generally, the strong bonding of SiC makes it a difficult material to etch by wet chemical means at

Copyright © National Academy of Sciences. All rights reserved.
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reasonably low temperatures. However, Shor et al. (1994) have found that etching using laser illumination of a sample
immersed in an HF-based solution, has produced etch rates well in excess of 1 pm/min. Such a photoelectrochemical etching
technique may have applicability to certain fabrication requirements, such as deep etches that may be needed for sensor
fabrication.

Etching Of The Nitrides: GaN And AIN

Dry etching of the nitrides has benefited from the previous extensive research on gallium and aluminum-containing
semiconductors, in a manner similar to SiC and silicon. With respect to the periodic table of elements, the successes
demonstrated thus far indicate that it is the Column III elements that provide the major constraint to the RIE of the nitrides.
Generally, chlorine-based chemistries have been applied to the etching of GaN and AIN, comprising gases such as CCL,F,,
BCl; (Pearton et al., 1993; Lin, 1994), SiCl, (Adesida et al., 1993), and SiCl,F, (Morkoc et al., 1994). Adesida and
colleagues achieved a GaN etch rate of 600 A/min using SiCl, but only at higher voltages, suggesting a rather low chemical
enhancement in this process. Similarly, Pearton et al. utilized electron cyclotron resonance radio frequency etching of the
nitrides in CCl,F, and BCl;, at relative low bias ( < 200 V), low pressure, and low microwave power. The etch rates were
approximately 200 A/min, which is modest even at these low pressure and bias conditions. However, Lin et al. (1994) used
the BCl; chemistry and were able to obtain greater than 1,000 A/min etch rate. Temperature-dependent etch-rate studies
would help to more clearly reveal the rate-limiting steps in current dry-etching approaches and would also give a better idea
of the ultimate etch rates and profiles achievable. In a manner similar to forming selective GaAs to AlGaAs etch processes,
the addition of excess fluorine to a gas composition will provide high selectivity of etching GaN with respect to AIN (Pearton
et al., 1993). The etch anisotropies obtained for all methods used have been excellent.

Etching Of Diamond

Diamond is commonly regarded as an inert material that cannot be etched by boiling acids or bases. Nevertheless,
diamond etch rates as high as 200 nm/min were reported by Efremow et al. (1985), using ion-beam-assisted etching that
utilized 2 keV Xe" ions with a flux density of 1 mA/cm? in the presence of NO, reactive gas. Although the average pressure
of the chamber was 2 x 10" Torr, the equivalent reactive flux of NO, on the diamond corresponded to 10 Torr, presumably
responsible for the impressive etch rates that were achieved, with etch-rate selectivities to aluminum masks at a ratio of 20:1.
Other methods that have been used to etch diamond are (1) the use of kinetic energy beams of oxygen or oxygen-containing
molecules or radicals and (2) electrolytic etching. Electrolytic etching is generally limited to removal of defect-ridden or
otherwise conducting regions of diamond, however.

DEFECT ENGINEERING AND CONTROL

Every materials system presents new challenges in defect engineering to produce and maintain desired performance.
High-temperature materials are robust at 300 °C, but may be vulnerable at the high process-temperatures required. This
section evaluates crystal perfection, processing, and electrical performance for diamond, SiC, and GaN. The purpose is to
identify fundamental limitations and focus areas for precompetitive research and development leading to commercialization.

Semiconductor materials composed of low atomic number elements possess strong covalent bonds. As a result they
exhibit large energy gaps, high elastic moduli, high phonon frequencies, high thermal conductivity, and high melting points.
These properties, which can be exploited for high-temperature electronics, have consequences in processing and perfection.
The formation energy of simple point defects (vacancies and interstitials), E{V), E«I), can be estimated to first order as the
heat of vaporization, AH. This energy represents creation of a bulk defect from a surface source, and it is typically valued at
twice the bond energy.

Thus, a lower bound for E; is twice the energy gap, Eg. With Eg = 3 eV, E; is expected to be very large. These large
values preclude doping by diffusion and present a bottleneck for defect control (e.g., during oxidation and contact formation).
If process temperatures do not exceed one-half the melting temperature, stoichiometry (the equivalency of conjugate defects
on each sublattice of a compound) can be maintained,

Copyright © National Academy of Sciences. All rights reserved.
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dislocation motion is limited, and the incorporation of unwanted contamination is reduced. However, Larkin et al. (1993)
have shown that dopant incorporation is dependent on the silicon/carbon ratio in nonequilibrium growth.

If electrical properties scale with the energy gap, most nondopant impurities should have deep energy positions, with
energy of the trap level E; > 1 eV, and therefore they should not contribute to leakage current generation in junctions at 300
°C. Large concentrations of these trap states, however, could result in semi-insulating behavior. The compensation level (i.e.,
the difference between the number of acceptors and the number of donors, Ny - Np) must be defined in device-quality
material, and a theory and catalog of defect and impurity energy positions must be established.

Since directional covalency dominates bonding, local relaxation from fourfold coordination can greatly reduce defect
and impurity incorporation energies. For instance, the nitrogen donor in diamond lowers its symmetry from a substitutional
site to produce a deeper state than predicted by simple theory. Davies (1994) has recently reviewed the properties of defects
and impurities in diamond. Nitrogen in 6H-SiC shows persistent photoconductivity indicative of this relaxation. The
difficulty in p-type doping of these wide bandgap materials may similarly be related to the preference of Group III atoms for
threefold coordination. In general, low atomic number elements from groups III, IV, and V act as electronically passive
terminations for surfaces and defects. Phosphorus-containing compounds exhibit less sensitivity of device performance to
defects and more passive surfaces.

The intrinsic carrier mobility and minority carrier lifetime in these materials must be characterized and understood. In
the mid-1950s, these properties were well-defined for silicon, providing a benchmark for material quality. This foundation
does not yet exist for high-temperature semiconductor materials. SiC, the most developed material of the group, has a
reported minority carrier lifetime of 10 s, and carrier mobilities that increase with activated behavior above room
temperature. But the issue arises whether these properties are intrinsic or reflections of high defect densities that are not yet
characterized. Swedish researchers have reported minority carrier lifetimes in 6H-SiC of 0.45 us (Kordina et al., 1995).

Passivation of surface conduction and recombination is essential to device function. It is essential to measure interface
properties at the temperature of operation. Kang et al. (1993) have shown that quasi-static C-V measurements at 20 °C can
underestimate by an order of magnitude the density of interface states of 6H-SiC/SiO, that are active at 240 °C. Performance
at 400 °C cannot be predicted. The porosity, state of stress, and oxidation mechanism of SiC must be understood. Other issues
also remain: (1) there is a factor of 10 higher oxidation rate on (111) carbon-terminated versus silicon-terminated surfaces
that has not yet been explained, (2) the true density of interface states is unknown, and (3) the failure mechanism for gate-
oxide breakdown at operational temperatures is not known.

The quality of critical insulators (e.g., gate oxides in MOSFET technologies), and hetero-interfaces (e.g., oxide-to-SiC or
GaN-to-AIN) will be important determinants of not only device performance but also device reliability. Defects in the oxide
layer and at the oxide-semiconductor interface may arise through propagation of defects from the semiconductor substrate,
may be correlated with the manner of oxidation (e.g., whether carried out in a wet or dry ambient and at a particular
temperature), or may be introduced by subsequent processing (e.g., gate recess etching performed by reactive-ion etching).
As current silicon technology has shown, these problems are aggravated as the oxide layers have been made thinner in order
to appropriately scale device dimensions down to achieve denser, faster circuits with higher functionality. The reliability of
heterojunction devices such as SISFETs will similarly depend on the nature of the interface; interface roughness and interface
state densities will affect device mobilities and increase device noise, as well as long-term performance.

YIELD

High yield in device and circuit manufacturing requires high-quality substrates and wide process margins. Typical SiC
contains 20-100 micropipe voids and 10* to 10° cm? dislocations. GaN is grown epitaxially with approximately 10'° cm™
dislocations on high misfit substrates such as sapphire. The electrical properties of these dislocations have yet to be
understood. They are of

Copyright © National Academy of Sciences. All rights reserved.
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no apparent consequence in GaN blue light-emitting diodes, but these dislocations may limit yield for other materials or
applications by providing fast diffusion paths for unwanted impurities during processing or by acting as junction shorts.
Micropipes act as premature breakdown sites in SiC junctions (Fazi et al., 1993). Material screening should evaluate the role
of microplasma sites in premature breakdown at operational temperatures.

Dopant uniformity is essential to process control. Implant activation for aluminum and boron in SiC requires further
development (aluminum exhibits < 1 percent activation). Activation is dependent on the perfection of the host material.
Nonuniformity across a wafer suggests that spatial mapping of defect densities (X-ray topography, photoluminescence, etc.,)
could provide a valuable characterization matrix in materials development. Of course, control of dopant compensation in the
10 cm™ range is a necessity.

The role of transport anisotropy must be evaluated in the development of a planar integrated circuit technology. The
mobilities and effective masses are very anisotropic for 6H- and 15R-SiC. By contrast, 4H-SiC is more isotropic.

Etch and metallization processes can create defects and yield limits. The absence of a complete wet-etch technology for
high-temperature semiconductor materials means that RIE is the default process. Defect introduction and stability for each
RIE application must be evaluated. Contact formation and interfacial reactors can modify band-edge offsets and, hence,
contact resistance and heterojunction device performance. These reactions and process response surfaces must be understood.
Alternative approaches, such as layer bonding and buffer-layer engineering, should be pursued. The small lattice constants of
the high-temperature semiconductors have no available match among the mature substrate materials technologies.

In summary, process yield is dependent on the critical defect density and the chip area. The next phase of research and
development on high-temperature semiconductors must identify the critical defects and improve materials and processes to
reduce their density to economically tolerable levels.

DEVICE RELIABILITY

The expected applications for high-temperature electronics (e.g., aircraft, automotive, and power systems) require high
reliability. However, the temperatures of operation are typical of accelerated aging conditions for current systems. The
purpose of this section is to identify potential failure mechanisms and suggest areas of research for remediation. The current
design approach is to extrapolate low-temperature concepts to higher temperatures. However, new failure modes may exist in
this unexplored region with new materials systems. Detection of these new modes is a critical subject of research.

High-temperature systems will cycle between room temperature and higher operation temperatures. The mechanical
design of these components must include differential thermal expansion and consequent fatigue tolerance as factors in
materials selection.

Current solder alloys. will melt by 300 °C. New alloys with both mechanical strength and systems compatibility must be
found. Polymer dielectrics for encapsulation and printed circuit boards must similarly be redesigned. Integral ceramic
packages are a favored replacement.

Electromigration of interconnect lines is thermally activated, as well as current density dependent. For silicon-on-
insulator (SOI) applications, aluminum (Ty; = 600 °C) must be replaced. Tungsten and copper are likely candidates.

Thermal management is particularly critical for high-power applications at high temperatures. Silicon bipolar devices
exhibit "thermal runaway" at 200 °C due to free carrier generation. SOI limits rise to 350 °C due to the smaller volumes of
silicon.

Gate oxide and hot carrier degradation are cumulative effects. Their temperature dependence is controversial. The role
of temperature in aging and operation must be understood.

Contact degradation is a serious problem for ITII-V materials at high temperature. Pt-GaAs impact avalanche transit-time
(IMPATT) diodes degrade as the platinum metallization reacts to form PtAs, and PtGa. Also, defect migration from the
contact can compensate the doping level and change the device avalanche voltage. Diffusion barrier layers and stable
heterogeneous systems must be designed.

Copyright © National Academy of Sciences. All rights reserved.
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In laser devices, high injected current densities lead to degradation by "dark-line-defect" formation (electronically
stimulated dislocation motion). The high elastic moduli of diamond, GaN, and SiC inhibit dislocation motion. In addition, the
low atomic number elements tend to create electronically passive defects and interfaces. Dislocations appear to be electrically
benign in GaN. These materials should display better operational reliability than GaAs, InP, and ZnSe.

In summary, the strategy for reliability assurance is (1) re-evaluation of known failure mechanisms in a high-
temperature applications context and (2) identification and remediation of new failure modes in these new materials systems
and environments.

Copyright © National Academy of Sciences. All rights reserved.
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5

High-Temperature Electronic Packaging

Preceding chapters of this report have presented the status and potential of the use of various semiconductor devices for
high-temperature applications. Depending on the given application, the operating temperature of these devices varies from
150 °C (automotive electronics) to 1000 °C (a high-temperature interconnect for a thermionic integrated circuit; Fendrock and
Hong, 1990). Adequate packaging has to be provided to build functional modules based on these devices, however. The
primary issues to be considered in high-temperature electronic packaging are: (1) characterizing materials and their
interactions at high temperatures, (2) minimizing mechanical stresses caused by thermal expansion mismatches, (3) providing
a suitable path for heat dissipation, and (4) providing environmental protection. The first two items are of particular
importance as the upper temperature limits of operation are increased. The overall goal of packaging is to ensure reliable
operation of semiconductor devices.

The selection of the packaging method used is based on cost/performance tradeoff decisions, complexity of the devices
involved, system requirements, and the operating temperature range. There are many different packaging and interconnection
schemes that can be successfully applied to overcome the shortcomings of conventional packages for high-temperature
operation.

A successful package design will satisfy all given applications and system requirements. For example, microwave
packaging will have to meet additional requirements such as impedance matching, low dielectric loss at microwave
frequencies, low sensitivity of dielectric and conductors to temperature changes, and low capacitance of interconnect to the
backside of radio frequency ground plane. One approach to providing hermetic electronic packaging suitable for operation at
higher temperatures is to rely on existing packaging technology such as either the use of single metal packages with electrical
feedthroughs isolated by glass beads or the use of multilayer ceramic packages (single or multichip). Both types of packages
have been successfully used for high-temperature electronics. Another approach is to seek improved packaging materials and
designs that better match the needs of high-temperature electronic systems.

This chapter focuses on the off-the-shelf packaging technologies used in both the first level of high-temperature
electronic-system packaging, usually defined as the chip packaging, and the second-level packaging, which is defined as
package-to-board interconnections. Since some large hybrid microcircuits and multichip modules closely resemble both first-
and second-level packaging and because the high-temperature electronic boards are often ceramic with thick- or thin-film
metallization, they share the same materials and assembly processes and are considered here to be the same high-temperature
electronic-packaging technology (Palmer and Heckman, 1978; Palmer, in press).

CHIP PACKAGING

High-temperature electronic-packaging technologies have been developed at least five times over the last four decades
(Palmer, in press): vacuum-tube computers (late 1940s), initial encounters with high-velocity missiles and space probes
(1950s), nuclear power plant instrumentation (1960s; Kueser, 1965-1966), oil/gas/geothermal well-logging instrumentation
(late 1970s; Sinclair, 1979; Veneruso, 1979), and special solar and Venus surface probes (early 1980s; Jurgens, 1982).
Current applications include volume-limited power supplies and conversion units, industrial process tracers, and automobile
engine controls. Since these applications are of limited volume, the packaging of these devices is usually expensive due to

Copyright © National Academy of Sciences. All rights reserved.
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the lack of effort for further development and optimization at the package level. The high-reliability packaging schemes used
today for long-service military systems do offer considerable high-temperature-operation capability (Palmer, in press).

The most widely used metal package is gold-plated Kovar (an alloy of 53 percent iron, 29 percent nickel, and 18 percent
cobalt). The finish is usually a high-temperature-resistant 24-karat gold that is plated to a thickness of 100 micro-inches or
greater. The underplating should be an electroless nickel plating containing 8-12 percent phosphorus that is plated to a
thickness of 100-200 micro-inches (Licari and Enlow, 1988). The output leads are sealed into the Kovar package sidewalls or
floor using glass-to-metal seals or ceramic feedthroughs. Metal packages consist of two configurations: plug-in or flatpack
types. These metal packages can be designed with welded lids, thus assuring seal integrity at high temperatures (Palmer, in
press). These packages have been evaluated to 400 °C with satisfactory results. The most common failure is due to the lack of
mechanical and electrical integrity of the glass or ceramic feedthrough at high operating temperatures and after thermal
cycling (Johnson, in press). As the service temperatures are increased, the electrical resistance and the hermeticity of the seal
is degraded. Since the glass seal is formed at 500 °C, other types of seals need to be investigated for operating temperatures
above 400 °C (Johnson, in press).

Another widely used type of package that also provides good high-temperature performance along with hermeticity is
the ceramic package. The most attractive ceramic package for use in high-temperature applications is the aluminum-nitride
package; however, the most often used is the less costly alumina. Ceramic packages are manufactured using a cofired tape
process and have an advantage over metal packages because they can avoid the use of expensive fragile glass-to-metal seals.
Ceramic packages can be designed as integral-lead packages, leadless chip carriers, and leaded chip carriers. An advantage of
the integral-lead package is that the input/output leads can be spaced very closely. The packages may be sealed either by
soldering or by welding. Temperature limitations for ceramic packages depend on the type of sealing method used. These
packages are not suitable for high-current applications due to the resistivity of the refractory metals used as conductors. The
use of packages with short tungsten conductors is also recommended since these packages will increase in resistance by about
five times from room temperature to 500 °C. In addition, the insulation resistance at elevated temperature decreases by
approximately 40 percent (Figure 5-1; Johnson, in press).

Today's plastic packages are not suitable for applications above 150 °C (Palmer, in press). For example, the glass
transition temperature of commonly used packaging epoxies lies in the range of 130-170 °C, which limits the operating
temperature range of the package. Unlike their hermetic counterpart, plastic packages subject wire bonds to extreme stresses
if the package undergoes large temperature swings (e.g., -55-300 °C; Harman, in press). Silicone-gel coatings have recently
been evaluated as an alternative to hermetic packages for high-reliability applications and the results have been promising.
The continued use of plastic packages is highly desirable, thus the development of new higher-temperature materials is of
great importance.

Besides the selection of the type of package, it is necessary to select the substrate, the component attachment method,
the chip interconnection technique, and the sealing process. Understanding both material

i
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Figure 5-1 Decrease in insulation resistance as a function of temperature. Source: Johnson (in press), © IEEE.
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behavior and material interactions is of great importance. As the conventional materials are used beyond the temperature
range for which they were originally developed, new failure mechanisms appear. The result is that some material systems are
no longer viable. Even when the available materials are individually suitable for use at high temperatures, the devices may
fail due to thermomechanical stresses or other interactions between various components of the material system. In the
following section, brief descriptions of standard attachment and assembly processes are given. Supporting information on
materials properties is also supplied.

SUBSTRATES

The selection of the substrate material is dictated by the combination of thermal, electrical, and mechanical design
requirements for the given application. Key substrate properties for materials presently being used are given in Table 5-1.
Alumina, Al,Os, is the most widely used ceramic substrate, and many high-temperature electronic systems have used this
material without difficulty (Harman, in press). Both alumina and AIN can be used as a substrate in two different ways: they
can provide the mechanical support structure for the deposition of thin-film interconnections or they can house part of the
interconnection structure (cofired with molybdenum or tungsten). A significant advantage associated with the use of AIN and
SiC is their high thermal conductivity and coefficient of thermal expansion, which is close to that of silicon (and almost all
wide bandgap semiconductors). Diamond can also be used as a substrate material. When using such a substrate material, less
stress between the substrate and chip is generated during the temperature excursions encountered in the manufacture and
operation of the substrate assembly. It should be noted that SiC has a high dielectric constant and high dissipation factor
limiting its use as a substrate.

The limitation of the use of AIN is the availability of chemically compatible thick-film pastes. Recently, a broad range
of thick-film-paste materials for use on and in AIN substrates, including gold-based conductors, multilayer dielectric, and
resistors have been developed (Tables 5-2 to 5-4; Chitale et al., 1994; Shaikh, 1994).

Diamond is a promising material to serve as a substrate for high-temperature electronics. It has the highest thermal
conductivity of any material at room temperature (1,700 W/m-K). Diamond use is currently restricted by its cost and limited
compatibility with thin-and thick-film metallization. However, the extremely high thermal conductivity of diamond, coupled
with its electrically insulating nature and very low thermal expansion, make it a worthwhile subject for studying the
manufacturing technology issues that must be resolved in order to make available 1-mm-thick diamond material in 100 mm
(4 in.) or larger sizes at reasonable cost (Eden, 1994).

THICK-FILM AND THIN-FILM METALLIZATION

The desired characteristics of a metallization system are good adhesion to the substrate, low stress, good electrical
conductivity, and minimal reactions at subsequent processing or assembly steps. Thick-film conductors based on noble
metals have been successfully used for high-temperature applications (Bonn and Palmer, 1980; Shaikh, 1994). Typical
metallurgies include tungsten, molybdenum, gold, Pt/Au, Pt/Ag, Pd/Ag, and Pt/Pd/Ag. The properties of most common
metals that are considered for multilayer, cofired ceramic substrates are given in Table 5-5 (Palmer, in press).

Electrical properties of thick- or thin-film conductors differ at high temperatures. The resistivity always increases and
the temperature coefficient of resistivity always changes. For example, the temperature coefficient of resistivity of thin-film
gold is +0.0016/°C; for platinum it is +0.0027/°C and for tungsten it is 0.0046/°C. These resistivity changes must be taken into
account for high-temperature applications. The disparity in thermal expansivities between the dielectric material (either
substrate or interlevel dielectric) is about 3.7-6.8 ppm/°C, and such metals as silver (19 ppm/°C), gold (14 ppm/°C), and Ag/
Pd (~ 19 ppm/°C) is substantial. This difference causes the metal to shrink more than the ceramic during processing and
assembly or during power cycling. The cylindrical metal in the via hole begins to shrink more than the surrounding ceramic
and can cause an annular void space between the via metallization and the ceramic. The most promising materials for high-
temperature applications, from a mechanical point of view, are AIN substrates with cofired tungsten

Copyright © National Academy of Sciences. All rights reserved.
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conductors. Nickel is plated on the exposed conductors and is diffusion-bonded to the base metal for enhanced adhesion.
Following the nickel diffusion process, a layer of gold is deposited to prevent formation of nickel oxide and to enhance
wettability during subsequent soldering or brazing processes. The final plating step is the application of heavy gold on the
wiring pads to accommodate chip interconnection bonding.

TABLE 5-1 Properties of Ceramic AIN, Ceramic SiC, Glass + Ceramics as Compared with 90 percent Alumina

Substrate Properties Ceramic AIN Ceramic SiC ~ BeO Glass £Ceramics  90% Al,O5
Thermal conductivity (W/m-K) 230 270 260 5 20
Coefficient of thermal expansion 43 37 75 30-42 67
(25-400 °C) (1077/°C)
Dielectric constant at 1| MHz 8.9 42 6.7 3.9-7.8 9.4
Flexural strength (Kg/cm?) 3,500-4,000 4,500 2,500 1,500 3,000
Thin-film metals Ti/Pd/AuNiCr/Pd/Au  Ti/Cu — Cr/Cu. Au Cr/Cu
Thick-film metals Ag-Pd Au — Au.Cu.Ag-Pd

Cu Ag-Pd — Cu.Au
Cofired metals w Mo w Au.Cu.Ag-Pd W.Mo
Cooling capability Air (°C/W) 6 5 5 60 30
Water (°C/W)? <1 <1 <1 <1 <1

2 External cooling.

The adhesion between AIN and tungsten is mechanical in nature, where joining strength is presumably provided by grain
interlocking or anchoring across the interface. The microstructurally toughened interfacial adhesion also assures that the
cofired multilayer substrate maintains the high thermal conductivity and mechanical strength of typical monolithic AIN
(Chiao et al., 1991).

Thin-film metallizations have also been successfully used at high temperatures. The metallurgies most often used are a
gold base with titanium or chromium for obtaining adequate adhesion and platinum or palladium as barrier layers. Gold is a
suitable metal for this application because it has superior conductivity, protects the surface from environmental attack, and
helps ensure bondability.

For diamond substrates, various thin-film conductors have been reported. For example, Au/Pt/Ti metallization was
studied by Davis (1993). In this system, platinum prevents interdiffusion between titanium and gold up to temperatures of
400 °C during the annealing process. However, when annealed at 500 °C, decorated patterns are observed on the surface of
the gold layer, indicating interdiffusion between the deposited metals. After annealing at 400 °C, the sheet-resistance value
had increased by 40 percent. Furthermore, at 500 °C a 139 percent change in the value of sheet resistance was observed.
Other examples of suitable metallurgical systems are Au/Ti-W and Au/Cr. Au/Ti-W exhibits good adhesion at temperatures
up to 300 °C, but at 450 °C the adhesion degradation can be attributed to surface changes that resulted from the diffusion of
Ti-W into the gold. Au/Cr appears to be more stable than Au/Ti-W, and improvements in adhesion have been observed after a
450 °C anneal.

Unless they are suitably protected, many thin films experience increases in resistance when heated in air due to their
oxidation. Ultimately, they may be converted to insulating films. It has been found that the increase in

Copyright © National Academy of Sciences. All rights reserved.
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resistance of a film is considerably greater than can be accounted for on the basis of only reduced thickness of the conductive
portion of the film resulting from oxidation of the surface. This is due to the fact that oxidation occurs along the grain
boundaries of the film as a result of either oxygen diffusing in from the surface or from oxygen trapped internally that
precipitates at the grain boundaries and forms an insulating phase.

TABLE 5-2 Metallizations for AIN Substrates
Product Number

5835 D-8813 8835-1A  D-8835-1D  D-9633-D*  9601-N  D-9913
Metal type Pt/Au  Gold, alloyed  Gold Ag/Pd Ag/Pd Ag/Pd Silver
Fired thickness, pm 12-15  8-10 8-13 7-10 9-12 12-15 9-13
Resistivity, mQ/O <60 <4 <7 <4 <35 <3 <2
Adhesionb, initial, Kg >4.5 >5.0 >2.5 >2.5 >6.0 >5.0 >5.0
Adhesion, 200 hrs at 150 °C, >3.0 >3.0 >3.0
Kg
Thermosonic 25 pm gold >14 >12 >14 >6 >6
wire, g
Ultrasonic 250 pm >400 >250 >350 >250

aluminum wire, g

2 This Ag/Pd conductor has the highest initial adhesion. Unfortunately it is incompatible with all other ESL-thick-film materials for AIN.
b Adhesion, 90° pull, 2 mm x 2 mm pads.

COMPONENT ATTACHMENT

The primary method of securing the device to the substrate (die attach) is by diffusional reaction of the backside (usually
metallized) with a substrate gold metallization. This joint is designed to elastically absorb the thermomechanical stress that
accumulates between the chip and the ceramic substrate, conferring excellent fatigue resistance. There are three types of die-
attach materials that are most suitable for application in high-temperature electronic assembly (i.e., hard solders, glass-based
die-attach materials, and the recently developed amalgams). Hard solders provide electrically conductive paths and have high
thermal conductivity but are difficult to rework. They also require high-temperature processing conditions (depending on the
alloy). They can be rigid and brittle, causing cracking of a large die. Tests with Au/Si and Au/Ge have satisfactorily
demonstrated small chip attachment (less than 9 mm on a side; Draper and Palmer, 1979). The disadvantage of using hard
solders stems primarily from their lack of plastic flow, which leads to high stress in the devices because of the thermal
expansion mismatch between the die and the substrate.

C.A. MacKay (1991) developed a new method of making a bonding amalgam that has potential for application in high-
temperature electronics as die attach, hermetic sealing, and heat-sink die attachment. An amalgam is defined as a
nonequilibrium, mechanically alloyed material formed between a liquid metal and a powder. In general, amalgams have low
processing temperatures. Nevertheless, they still yield materials with thermal stabilities between 250 °C and 600 °C.

The use of molytabs might provide a solution for reducing the high stresses that the hard solders impose on the system.
In this technique, the die is preattached to gold-plated molybdenum tabs (molytabs) and then solder-attached to the tape
automated bonded (TABed) die from the substrate bonding pads. The molytab, with a coefficient of thermal expansion of
approximately 5 ppm/°C, forms a buffer between the device and the substrate.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 5-3 Dielectrics for AIN Substrates

Product designations ESL# D-4907, ESL# D-4907-A
Thermal expansion coefficient 44 x 10°7/°C

Dielectric constant (@ 1 MHz) 5-7

Dissipation factor (@ | MHz) 0.5-0.8%

Insulation resistance (100 VDC, 50 um thickness) ~ >10'' Q

Breakdown voltage (50 pm thickness)

Adhesion to AIN >2kV

Compatibility Exceeds substrate fracture strength
Most ESL Au and Ag conductors ESL# R-300 resistor series (when
printed on the dielectric)

Silver-glass-paste adhesives have also found an application in the assembly of high-temperature electronic devices.
These materials are reflowed at temperatures of 400-450 °C. The glass recrystallizes during the reflow cycle and can
subsequently be exposed to temperatures in excess of 400 °C (Johnson, in press). These materials offer the possibility of the
formation of void-free, die-bond interfaces with excellent thermal stability. The tendency for silver migration and the effect
of thermal cycling on the long-term adhesion of this system over extended temperature ranges has not yet been studied,
however.

Polymer die attach is normally not practical for use at temperatures above 250 °C where a nonconductive attachment is
needed. However, silicone/polyimide adhesives can be made to operate effectively up to 400 °C. These materials offer the
lowest cost when compared with the gold-based hard solders. The use of organic adhesives also supposedly lowers the
thermal stress in devices. However, the use of organic adhesives in high-temperature electronic packages has been limited
because of outgassing and poor thermal stability (especially when filled with silver).

INTERCONNECTION

The typical interconnection methods used between chips and substrates are wire bonding, tape automated bonding, and
flip-chip. Depending on the required operating temperature, the current interconnection methods may be limited by their
material and mechanical properties for elevated temperature applications. Wires and bonds in a mono-metallic situation have
been evaluated for temperatures as high as 500 °C for up to thousands of hours and appear to be relatively trouble-free for
either Au-Au or Al-Al (Harman, in press). The application of parallel-gap welding for bonding of 5-mil annealed platinum
wire to a 5,000 A platinum pad (with an underlying base of titanium, molybdenum, and tungsten) sputter-deposited on a
sapphire substrate has been successfully developed for a high-temperature interconnect (800-1000 °C) for a thermionic
integrated circuit (a vacuum integrated circuit technology; Fendrock and Hong, 1990).

Problems arise when dissimilar metals are joined. For example, in case of Au-Al intermetallic compounds, Kirkendall
voids can form, weakening the interface. Another area of concern is the thermally induced change that can take place within
some metallic materials themselves (Harman, in press). Two examples are reconstruction and creep in solders and
crystallographic and electromigration changes in thin aluminum films and wire. Solders may be reliably operated at
temperatures close to their melting point. Either substitute materials must be developed (for flip-chip) or all connections
including package leads to the board must be welded either by using thermocompression or thermosonic methods (Johnson,
in press). For example, the gold bumps in TAB provide connections between the aluminum pads (separated by a barrier metal
to prevent diffusion and intermetallic formation at Al/Au interface) and the copper tape. These inner lead connections are
made using a thermocompression technique. For outer lead bonding some type of welding is recommended. Exposed copper
metal on tape should be completely plated with gold to avoid copper oxidation. While this technology shows great promise
for high-temperature electronic applications,

Copyright © National Academy of Sciences. All rights reserved.
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bumped die and tapes are not readily available in the United States.

TABLE 5-4 Summary of Properties of Metallizations for AIN
Wirebondable Conductors

FX 30-010 FX-30-011 FX-30-022 FX-30-023
Metallurgy Gold Au/Pd Gold Au/Pd
Application Multilayer Multilayer Single layer Single layer
Wire type Gold Silver Gold Al
Resistivity (m€/0O at 1 mil) 2.5-35 4.0-5.5 2.5-3.0 4-5
Wirebond strength (g) 9-11 11-13 10-12 12-14
Thermal conductivity W/m 'K"! 180 180 180 180
Solderable Conductors

FX 34-100 FX 31-012

Metallurgy Ag/Pd Pt/Au
Resistivity (mQ/0O at 1 mil) 13-16 16-181
Solderability (seconds to 100% coverage in 60/40 Sn/Pb) 1 1
Solder leach resistance (1 s dips to 80% retained) 25-30 20
90° peel adhesion (1 1b on 80 rail x 80 rail pad) Initial 10-14 8-13
Aged (150 °C, 48 hrs) 8-10 2

SECOND-LEVEL PACKAGING

Traditional packaging solutions for high-temperature applications have usually depended on inorganic substrates (e.g.,
alumina) and refractory metal conductors (e.g., tungsten and molybdenum). Since these materials require processing
temperatures in excess of 1000 °C, their performance at high operating temperatures is inherent. The connections to these
refractory conductors must also tolerate the operating environment and are therefore formed by welding, brazing, or high-
temperature soldering (i.e., metal-loaded glass frit solder). Selection of materials for these connections must accommodate
the increased diffusion caused by long-term, high-temperature operation.

Recent advances in organic dielectrics have allowed some application of organic, printed circuit boards in high-
temperature environments, primarily for reduced cost. Polyimide printed circuit boards patterned with nickel, nickel-plated
copper, or nickel-plated tin are common combinations. The bondability of nickel for welding or soldering is often improved
by the selective deposition of gold over the bond sites.

Some applications, however, require the use of large very-large-scale-integrated (VLSI) devices that would be unreliable
if attached to substrates with significantly

Copyright © National Academy of Sciences. All rights reserved.
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HIGH-TEMPERATURE ELECTRONIC PACKAGING 58

different coefficients of thermal expansion. In these applications, silicon, or other ceramics, is the substrate material of
choice. Conductors of patterned tungsten are used, although aluminum can be used if sufficiently protected with a high-
temperature dielectric such as phospho-silicate glass or silicon nitride.

TABLE 5-5 Typical Cofired Metals

Metal Melting Point  Electrical Resistivity Thermal Expansion (107/  Thermal Conductivity (W/
(°C) (108 Q-m) °C) m-K)

Silver 960 1.6 197 418

Gold 1063 22 142 297

Copper 1083 1.7 170 397

Palladium 1552 10.8 110 71

Platinum 1774 10.6 90 71

Molybdenum 2625 52 50 146

Tungsten 3415 5.5 45 201

SUMMARY

Although high-temperature wide bandgap devices are being developed, they can only be successfully implemented into
commercial applications if the packaging technology is developed in parallel to provide a cost and performance advantage.
Novel approaches should be examined based on the existing knowledge of advanced packaging technologies, especially
multichip modules. All of the integrated circuit wide bandgap devices for high-temperature electronics that are being
developed are of a lower density of integration than existing complementary metal-oxide-semiconductor (CMOS), silicon-on-
insulator (SOI), or even GaAs devices. Although existing packaging technologies can support the operation of high-
temperature electronic integrated circuits, SiC, AIN, and diamond technology for packaging applications should be examined
since the use of these materials will minimize the thermal mismatch and reduce any resulting stresses. The utilization of
diamond and AIN as dielectric materials for multilayer interconnects deposited either on cofired AIN or on blank ALN, SiC,
and diamond substrates should also be a part of the investigation. The use of SiC-encapsulated semiconductor devices (as
demonstrated by Dow Corning) should also be considered. This technology ensures a hermetic die, which is very important
for the devices working at elevated temperatures because chemical reaction rates are much higher at these temperatures. SiC
encapsulation should be examined in conjunction with area array connections. Area array connections, such as tungsten
bumps overplated with nickel and gold or copper bumps, are more suitable for high-temperature electronics than the
traditional PbSn flip-chip attachment method. Other metallurgical structures should also be examined. Although there is no
immediate need for the implementation of flip-chip or multichip module technology in high-temperature electronic
applications, the benefits of developing these technologies could substantially affect the cost and performance of high-
temperature electronics. For example, when using high-temperature electronics in conjunction with multichip module
technology, the reliability of the system is improved due to a reduction in the number of metallurgical connections. In
multichip module packages, the signal travels directly from chip to chip, all within the protection of a hermetic environment
(Figure 5-2 ; Pedder, 1988).

As an interim solution, the following packaging schemes that are based on existing packaging technologies can be used
in the temperature ranges specified below:

» For temperatures <200 °C

—nonhermetic with silicones
—metal (welding, AuSn, gold diffusion)
—-ceramic (welding, AuSn, glass, gold diffusion);

» For temperatures <300 °C

—metal (welding, AuSn, gold diffusion)
—ceramic (welding, AuSn, glass, gold diffusion);

Copyright © National Academy of Sciences. All rights reserved.
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Figure 5-2 Reduction from nine to three electrical path segments between two integrated circuits with multichip
module technology. Source: Pedder (1988).

» For temperatures <400 °C

—metal (welding, gold diffusion)
—ceramic (welding, glass, gold diffusion); and

» For temperatures <500 °C

—ceramic (welding, gold diffusion)
—sealed chip technology: SizNy, SiO,, diamond.

While materials and processes exist to meet the packaging challenges of high-temperature electronics whenever the
market can match its needs with the supplier, better packaging solutions can be developed for high-temperature electronic
applications when more complex and powerful systems are required. The use of existing high-density multichip module
designs can leverage the development of high-temperature electronic systems by careful selection of the material systems
used. There is not an upper temperature that should be feared by packaging engineers any more than by the device physicist
(Johnson, in press). Since high-temperature electronic devices and systems may undergo large temperature excursions
depending on their applications (e.g., jet engines and spacecraft), the material and electrical properties will change
accordingly (Sampson and Mattox, 1991). This change will be accompanied by the structural stresses on the chip and its
package that are caused by the different thermal coefficients of expansion. Therefore, there is a need for an electrical and
mechanical simulation for the proposed circuit. Nevertheless, basic material properties (for example, intermetallic
compounds) must be examined over the wide temperature range that may be encountered in high-temperature electronics on
both the short-term and long-term high-temperature behavior of the materials systems used in assembly and packaging
(Harman, in press).

Copyright © National Academy of Sciences. All rights reserved.
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6

Device Testing For High-Temperature Electronic Materials

This chapter concentrates on devices made from silicon and silicon carbide, as these are the two materials systems for
which the most data are available. The data are encouraging and suggest that electronic systems based on either of these two
materials will operate successfully at elevated temperatures.

There are three areas of testing that are discussed in this chapter: (1) short-term, constant-temperature tests, (2) constant-
temperature life tests, and (3) thermal-cycling tests. The short-term and constant-temperature tests are encouraging. There is
no known thermal-cycling data, however, and more research is required. A few comments at the conclusion of the chapter are
devoted to the subjects of packaging and future testing

SHORT-TERM CONSTANT-TEMPERATURE TESTS

Short-term constant-temperature tests are the first type done on each device intended for use at elevated temperatures
and thus the one test for which there is the most data. In a typical test of this kind, a device or integrated circuit is placed in a
test fixture that can be varied in temperature. Often, the device under test is also in a special, controlled environment, such as
dry nitrogen or vacuum.

Figures 6-1 and 6-2 are examples of two such tests. A representative set of conditions, with some associated comments,
is given in Table 6-1. Figure 6-1 illustrates the variation of threshold voltage with temperature for state-of-the-art silicon
MOSFETs. Both n- and p-channel devices change from enhancement mode to depletion mode at about 350 °C. Figure 6-2
illustrates the drain characteristics of a SiC MOSFET at 650 °C. The
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Figure 6-1 Variations in threshold voltage for p- and n-type silicon MOSFETs with temperature. Source:
Grzybowski and Tyson (1993).
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Figure 6-2 Drain characteristics of a SiC inversion-mode MOSFET at 650 °C. Source: Palmour et al. (1991).
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characteristics are normal for MOSFETs, with low leakage and relatively constant gain.

TABLE 6-1 Short-Term Constant-Temperature Tests

Device Type Temp. (°C) Comments Substrate Attachment Reference
Method
SiC transistors 25-650, Gain increases BN plate Not reported Palmour et al.,
unpacked with temp. 1991
SiC transistors 25-350, Prototypes Not reported Not attached Palmour, 1993
packaged available (wafer probe)
SiC diode 25-550 Very low Not reported Not reported Ghezzo et al., 1992
leakage currents
SiC pressure 25-400 Piezo-resistive None Not reported Shor et al., 1994
Sensors bridge devices
SiC amplifiers 25-350 (as a Small gain Alumina or Braze Tomana et al.,
hybrid IC) change with glass ceramic 1993
temp.
Silicon -65-450 (both Gain decreases Alumina Silver glass Grzybowski,
transistors FETs and with temp. 1991; Grzybowski
bipolar) and Tyson, 1993

These results clearly indicate that devices in both materials systems have been made that operate at temperatures well
above the current limits of fielded electronic systems, typically about 125° C. The results are also consistent with the
fundamental limits of device operation, based on the characteristics of each material of energy gap, effective mass, minority
carrier lifetime, and leakage currents.

CONSTANT-TEMPERATURE LIFE TEST

Constant-temperature life tests are also encouraging (Table 6-2), although much work remains to be done in this area.
The times on tests at the temperatures indicated are too small to be conclusive, however. Effects such as metal
electromigration, impurity diffusion in the semiconductor, and phase changes occurring in contact regions, have not yet been
adequately tested. A possible exception is the last result, which was based on silicon integrated circuits with conventional
metallization and feature sizes that are large (about 7.5 micrometers) by current standards. This result suggests that silicon-
base circuits with conventional metallization may be useful to temperatures well above the current limit of 125 °C.

THERMAL-CYCLING TESTS

Thermal-cycling tests logically follow after the short-term and constant-temperature tests. Thermal-cycling tests are
absolutely essential for evaluating suitability of devices intended for use at elevated temperatures. It is well known, and is a
major limitation in conventional temperature electronics, that thermal cycling results in failures that are not discovered by
constant-temperature tests. One class of these failures is associated with the work-hardening of parts of the device, its
metallization, the package attachment, and the package itself. In flip-chip technology, for example, the work-hardening of the
solder bumps that are used to hold the device in place and form the interconnects is a well-known limitation. In fact, a
substantial amount of development has been devoted to minimizing this problem. For elevated-temperature electronics, these
mechanisms will almost certainly be more of a limitation, since the temperature swings will be larger.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 6-2 Constant-Temperature Life Tests

Device Type Time (hrs)  Temp. (°C)  Substrate Attachment Method  Reference
SiC diode rectifiers 1,000 350 Hermetic glass Not reported Edmond et al., 1991
packages

Silicon MOSFETS 1,000 200 Alumina AlSi eutectic Palmer and
Heckman, 1978

Silicon bipolar quad 500 300 Not reported Not reported Beasom and

op-amp Patterson, 1982

Silicon-based ring 4,000 250 Not reported Not reported Migitaka and

oscillators Kurachi, 1994

These limitations may demand new and innovative techniques for device attachment and connection, such as the use of
graded attachment techniques or compliant attachment methods, in which the differences in thermal expansion are taken up
by a relatively flexible part of the attachment. The use of different attachment materials may also be useful. For example, the
use of amalgams has been explored on a preliminary basis. The use of these materials would allow one to make the rigid
attachment at a temperature that is intermediate between the extremes, thus minimizing the stress that occurs at either extreme.

FUTURE REQUIREMENTS FOR HIGH-TEMPERATURE TESTING

The testing of devices, circuits, and systems intended for high-temperature operation is more difficult than testing for
lower-temperature situations. For these lower-temperature applications, the concepts of step-stress testing and accelerated
aging are established. In these two approaches, the device under test is subjected to increasingly higher temperatures and the
failure rates noted. In a well-behaved test, the resulting failure rates will allow the calculation of an activation energy, which
will in turn allow the prediction of failure rates at lower temperatures.

The situation, however, is less clear for higher-temperature devices. For example, the mere testing at higher
temperatures is a challenge, with a lack of equipment available for these higher-temperature tests. Also, a key assumption for
accelerated testing is that the mechanisms of failure are the same for the accelerated test as for the application. This
assumption has not been shown to be valid, and may not be true for many tests. For example, it is likely that the material used
to mount the devices to the substrates would melt in accelerated testing, thus introducing a new failure mechanism and
invalidating the test.

A possible solution to this problem is the continuous-variables testing method. This method involves the measurement
of parameters with very high resolution. In these tests, the device conditions are similar to those of the intended application.
By careful monitoring of the device parameters, failure mechanisms can be detected at early stages. Use of this technique
eliminates the problems associated with step-stress and accelerated testing, in which new failure modes may be introduced.

Copyright © National Academy of Sciences. All rights reserved.
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7

Conclusions And Recommendations

There are great opportunities for wide bandgap semiconductors to improve the performance of many nonelectronic
technologies. Major benefits to system architecture would result if cooling systems for components could be eliminated
without compromising system performance (e.g., power, efficiency, speed). The existence of commercially available high-
temperature semiconductor devices would provide significant benefits in such areas as:

» sensors and controls for automobiles and aircraft;
* high-power switching devices for the electric power industry, electric vehicles, etc.; and
« control electronics for the nuclear power industry.

With the possible exception of LEDs, however, present commercial demand for wide bandgap semiconductor materials
is limited. While there are few pressing applications that cannot be achieved without wide bandgap materials, the vast array
of applications, and hence the value, will only be realized once these materials have evolved to such an extent that off-the-
shelf devices are available.

This chapter is divided into two sections. The first section presents general conclusions and recommendations about
future research priorities to accelerate the acceptance of high-temperature semiconductor materials. This section discusses the
temperature ranges for the different materials to be used, the competitiveness of U.S. research versus foreign competition, the
systems in which high-temperature electronic materials should initially be introduced, and the government/industry/university
collaborations required to forward the development of high-temperature semiconductor materials. The second section
discusses the barriers to the successful development, manufacture, packaging, and integration of wide bandgap materials into
existing systems and presents the key research and development priorities to overcome these barriers.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

Temperature Ranges

Silicon and silicon-on-insulator (SOI) electronics may be sufficient for some applications for temperatures up to 300 °C.
Such applications include digital logic, some memory technologies, and some derated analog and power applications. Silicon-
based technology will not be sufficient for many applications operating in the 200-300 °C range, however, such as power-
conditioning devices in higher-temperature control systems. These devices will have to be produced from another material
system. Devices based on SiC are well positioned to meet this need, particularly n-channel enhancement-mode MOSFETs.
However, significant technological barriers, such as micropipes, oxide quality, contacts, metallization, packaging, and
reliability evaluation still need to be further addressed.

As a result of fundamental limitations, silicon-based technologies will not be useful at temperatures above 300 °C. Other
materials must be used for these temperature ranges, but the choices are somewhat less clear. Technology based on GaAs
might be used for systems operating up to 400 °C. Just working at elevated temperatures is not the only concern, however. It
is also essential that the devices reliably function over a wide range from very cold (i.e., -20 °C) to very hot (i.e., 400 °C).
Based on the evidence presented in this report ,

Copyright © National Academy of Sciences. All rights reserved.
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devices based on n-type SiC are the only type that currently appear to meet the temperature-range and reliability
requirements, but additional development is needed. Eventually, high-temperature electronic technology could be developed
for reliable operation even for temperatures above 600 °C.

U.S. Competitiveness

As described in the Preface, considerable international resources are currently being devoted to developing electronic
technologies either tailored for or supportive of high-temperature operation. The United States is focusing most of its efforts
on high-temperature applications and currently has a slight lead in SiC research.

Europe appears to be increasing its effort in wide bandgap materials, especially for power electronics. This research area
is synergistic with high-temperature applications because the generation of internal heat is a limiting factor in power devices
and can be mitigated by larger bandgap and higher thermal conductivity materials. The dedication of European resources to
this area is seen in the founding of the collaborative organization HITEN, which was established in 1992 to coordinate
nascent European efforts in high-temperature electronics.

Japan is emphasizing the use of wide bandgap materials for opto-electronics and leads in the use of nitrides for light
sources. Japan is also becoming interested in power and high-temperature applications. Unfortunately, the closed nature of
Japanese industry made it difficult for the committee to determine the true level of interest in wide bandgap materials
research. The increased interest in high-power, high-temperature applications is evident in Japan's annual domestic SiC
conference, however. The Third Domestic (Japan) SiC Conference convened in Osaka on October 27-28, 1994, with
approximately 160 experts in attendance. Contrary to Japan's previous two conferences, there was a greater emphasis at the
Osaka conference on high-power, high-temperature applications than on LEDs.

The Commonwealth of Independent States had a number of major programs in SiC development, but the current
financial difficulties of most of the Commonwealth's institutions are preventing many laboratories from continuing their
research. There is a wealth of expertise and information available for leveraging by other countries, however. For instance,
the European Community is planning on supporting a SiC growth effort in St. Petersburg (Y.M. Tairov and V.E. Chelnekov,
personal communication, 1994).

The committee believes that the U.S. wide bandgap materials research community is currently very competitive in the
international research community. To remain competitive in the international research community, the committee
recommends that demonstration technologies be pursued to motivate further research and increase interest in high-
temperature semiconductor applications.

Demonstration Technologies

To increase interest and motivate further research in wide bandgap materials, a realistic, inspiring application focus
must be found that can make system designers aware of the benefits of high-temperature electronics. A wide bandgap
transistor that operates at 150 °C will not drive the technology because it will be in direct competition with the more
economically efficient silicon technologies. The demonstration technologies must be system circuits (i.e., not an individual
device) that can be inserted into essentially nonelectronic systems (e.g., turbine engine, nuclear reactor, chemical refinery, or
metalllurgical mill) with the goal of measurably increasing system performance.

As discussed in Chapter 1, the committee believes that there eventually will be a niche market for semiconductors with
temperature capabilities higher than that of silicon, and that this market will be sufficiently large to justify the cost of
development. However, this belief is tempered by the recognition that because such electronics will be used in new ways
there is little immediate demand. The market will grow only in synergy with the availability of components. This suggests
that development of high-temperature electronics not be undertaken in isolation. Instead, such development can and should be
leveraged from development of other technologies with more immediate applications, thus reducing the costs and the risks of
both. Three suitable application areas are high-power electronics, nuclear reactor electronics, and opto-electronics.

Power switching devices, for example, would be a good demonstration technology for high-temperature semiconductor
materials. High-voltage, high-power electronics, while not necessarily used as high-temperature

Copyright © National Academy of Sciences. All rights reserved.
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devices, nevertheless need wide bandgap semiconductors because of their superior breakdown voltages and high thermal
conductivities. There is already considerable research being pursued in this area because (1) improved high-power switching
devices could save an estimated $6 billion in the cost of construction of additional transmission lines; and (2) the smoother,
more efficient use of the transmission system would reduce the need for new generating capacity, which the Electric Power
Research Institute estimates would be a savings of $50 billion in North America alone over the next 25 years (Spitznagel,
1994).

The pursuit of demonstration technologies would not only increase interest in wide bandgap materials, it would also
provide significant testbeds for the application of the technology and enhance our understanding of the generic technologies
required to further high-temperature device operation (e.g., materials etching and implantation; degradation modes of metallic
gates, contacts, and interconnects at high temperatures; packaging behavior at high temperatures; and accelerated-testing and
reliability-testing methodologies to ensure proper functioning). The ability to grow a reasonably defect-free material is not
the only requirement for the realization of a successful technology. The development of demonstration technologies would
also help identify other factors that must be resolved for high-temperature electronics to be incorporated into existing systems.

Funding Strategy

The need for new development funds for demonstration technologies and future wide bandgap materials is not necessary
in the committee's opinion. Government funding currently exists for long-range research in wide bandgap materials, although
additional funding would certainly allow more options to be evaluated within a shorter period of time. Industry has also
demonstrated a willingness to commercialize new developments if the projected payback to their investments can occur
within the short term (NRC, 1993). The committee believes that the high-temperature research community should leverage
the research funding for wide bandgap materials that is currently being provided by the high-power and optics markets,
where no viable alternatives to wide bandgap materials currently exist. Building on the funding for other areas dependent on
wide bandgap materials reduces the need for potential users of high-temperature devices to fund the required materials
development exclusively and, thus, may render it cost effective.

The committee recommends the following strategy for the development of wide bandgap materials:

» develop precompetitive alliances and integrated programs (national laboratories, universities, and industries) for
coordinating research, technical skills, and capabilities to expedite research in the most efficient manner;

+ direct research at a technology demonstrator that has definite applications (i.e., is a product) and addresses the
usually neglected areas of packaging, assembly, testing, and reliability (e.g., high-power switches; integrated motor
control; power phase shifter);

+ concurrently develop materials, design, testing, and packaging; and

* build and test the demonstration component on a cost-share basis that encourages teaming, ensures adequate funds,
and requires periodic deliveries.

The committee believes that the founding of a newsletter that provides a summary of published worldwide developments
in high-temperature semiconductor research would assist the establishment, development, and maintenance of (1) a
Sfundamental long-term materials effort, (2) an infrastructure within the industry, (3) a group to monitor international
development, and (4) a U.S. information group for highlighting advances.

MATERIALS-SPECIFIC CONCLUSIONS AND RECOMMENDATIONS

The first three parts of this section concentrate on the major wide bandgap materials discussed in this report: SiC,
nitrides, and diamond. The final part of this section concerns the generic problems in packaging that will affect the
production of all high-temperature electronic devices.

Copyright © National Academy of Sciences. All rights reserved.
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Silicon Carbide

SiC is an indirect bandgap semiconductor and has enjoyed the longest history and greatest development with regard to
both materials growth and device realization. As such, SiC is currently the most advanced of the wide bandgap
semiconductor materials and in the best position for near-term commercial application. Its main application will be in high-
power, high-temperature, high-frequency, and high-radiation environments. It will not be suitable for blue lasers or ultraviolet
light emitters, however, except as a potential substrate material. The specific technical issues for SiC that require further
research are summarized in the box, Technical Issues for SiC. The three key research efforts for the development of
commercially viable SiC devices are

»  Wafer production: The 1- and 2-inch SiC wafers now in production are rapidly approaching device quality where
they might be used for commercial production of devices and circuits with acceptable yield. It could be argued that
such small-wafers are entirely sufficient for what will be a relatively small market (compared with silicon) with a
very high-price premium, and therefore an early investment in larger wafers is not justified. However, the entire
commercial infrastructure for electronics manufacture is based on a wafer size of at least 3 inches, and preferably 4
inches, as a minimum. Reconstructing a small-wafer infrastructure that became obsolete over 30 years ago will be
both an expense and an obstacle to the introduction of commercial SiC electronics. The committee believes that the
development of larger SiC wafers is viewed as the more cost-effective approach to commercial development.

Technical Issues for SiC

Further improvement of crystal perfection (boule and CVD growth)
Eliminate micropipes

Reduce defect density

Reduce background impurities

Improve surface morphology

Further improvement of doping (boule and CVD growth)

New n- and p-type dopants

New mid-gap impurities for semi-insulating substrates

Introduce rare earth elements in growth

Improve processing (boule and CVD growth)

Improve oxides/passivation

Find alternative insulators (nitrides)

Reduce contact resistivity for p-type material

Develop high-temperature n- and p-type contacts

High-temperature packaging

Improve understanding of basic properties and knowledge of design parameters
Technical Issues for Nitrides

Substrate development

Nitride substrates for CVD homo-epitaxy

High thermal conductivity, quasi-lattice matching substrates (both high electrical conductivity and semi-insulating)
Further improvement of crystal perfection and doping (CVD growth)
Reduce defect density and background impurities

Better control of n- and p-type doping

New technologies for epitaxial growth

Improve surface morphology

Improve processing (CVD growth)

Ohmic contacts

Low contact resistance

High-temperature contacts

High-temperature packaging

Improve understanding of basic properties and knowledge of design parameters

* Film growth: Chemical vapor deposition, molecular-beam epitaxy, and other film-growth technologies and
chemistries require refinement to produce epitaxial films with n- and p-type doping ranges from 10'3 to 10?° cm™3
for nitrogen, aluminum, boron, gallium, transition metals, and rare earth elements.

*  Manufacturing processes: Lower-cost device-production methods are required to make the manufacture of SiC
devices more competitive with the silicon technologies.

Nitrides

Interest in the direct bandgap nitride materials (i.e., GaN, AIN, AlGaN, and InGaN) has dramatically increased recently
because of their optical properties. The materials show great promise and are likely to dominate the visible and ultraviolet
opto-electronics market. Nichia's recent bright blue LEDs have already stimulated increased industrial effort (e.g., Hewlett
Packard, Spectra
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Diode Laboratories, Xerox PARC) in materials growth, contact metallurgy and reliability, and device reliability and testing,
although the materials have defect densities of greater than 10'%cm? and the mechanism of photo emission is currently
unknown. Heterojunctions in the nitrides also hold promise for higher-speed devices compared with SiC. Their applicability
for power development and high-frequency devices is unproven at this time, and the technologies for wafer production,
doping, and etching are currently less developed than SiC and require more longer-term research before they will be
competitive with other electronic materials. However, as development of photonic applications for wide bandgap materials
progresses, the opto-electronic market may provide an effective way to leverage the development of these materials for high-
temperature device applications. The specific technical issues for nitrides research is summarized in the box, Technical Issues
for Nitrides. The committee identified the following three research efforts as being key to the development of nitride devices:

Technical Issues for Diamond

Improvement of growth, crystal perfection, and growth
Reduce and control impurities of bulk synthetic diamonds
Produce large-area (hetero-epitaxy) single-crystal films of diamond on nondiamond substrates at reasonable cost
Synthetically produce larger bulk diamond at reasonable cost
Improve n- and p-type doping

Improve implantation for doping

Improve processing

Ohmic contacts

Low contact resistance

High-temperature contacts

Hydrogen passivation

Improved understanding

Dopant diffusion

Knowledge of design parameters

* Compatible substrates: Better-matched substrates are required for nitride wafer production to be commercially
tenable.

*  Wafer production: Growth of quasi-crystalline films of GaN, AlGaN, and ALN should be pursued on substrates
such as SiC to gain thermal advantages.

* Doping: Methods for both n- and p-type doping of Group III nitrides are required.

Diamond

Diamond is a well-understood material, but its use for active electronic device applications is not feasible at this time
because of the difficulties associated with its economical growth and doping. While diamond transistors have been designed,
fabricated, and tested, their performance is also orders of magnitude less than that which is expected from the electrical
properties intrinsic to diamond. The poor performance is thought to result from excessive nitrogen impurities and from as yet
not fully explained surface-depletion effects. The current prognosis for diamond is primarily as a protective coating, a
thermal management film, and a material for electron-emitting cathodes. The specific technical issues for diamond research
are summarized in the box, Technical Issues for Diamond.

Packaging

Much more research is required in the area of high-temperature packaging. For high-temperature electronics to be
commercially viable and provide true performance advantages, interconnection and packaging technologies are required
that can reliably operate at temperatures up to 600 °C for 10* hours. To attain these goals, innovative packaging techniques
will be required. The specific technical issues for packaging research are summarized in the box, Technical Issues for
Packaging. The three key research efforts for the development of high-temperature packages are

* Metallization: Contacts are required in the 10 to 10”7 Q/cm? range that have long-term durability at temperatures
up to 600 °C. Greater understanding is needed of the long-term effects
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of high temperatures on contact and interconnect metallurgy, degradation and failure modes, reliability, and interfaces.

Technical Issues for Packaging

Improve reliability of high-temperature contacts

Improve metallization

Improve device development tools

Improve process-control tools

Improve polishing, cutting, mounting, and etching methods
Develop reliability and aging tests

Develop computer-aided design tools

* Device reliability and aging testing: Existing methods of accelerated, environmental life testing of packages must be
adapted for high-temperature applications to ensure the accurate assessment of device reliability and aging.

»  Computer-aided design tools: Computer-aided design tools are required that incorporate electrical and mechanical
simulation of high-temperature electronic systems.
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Appendix A: Silicon As A High-Temperature Material

Silicon is the dominant semiconductor material in use by the electronics industry today, but is generally not thought of
as a high-temperature semiconductor material. Its comparatively narrow energy bandgap creates the majority of problems
during high-temperature operation when attempting to use silicon material as a discrete device or in integrated circuits for
digital, analog, or power applications. However, surveys of the literature indicate that silicon bipolar and complementary
metaloxide semiconductor (CMOS) analog and digital products can function adequately beyond the MIL SPEC limit of 125
°C. Circuit and layout techniques can extend the reliable temperature range of conventional bulk CMOS and bipolar to at
least 200 °C, while a combination of bi-CMOS, conservative layout rules, supply voltage reduction, and scaling of transistor
(channel) dimensions can extend the range to 250 °C. The further addition of oxideisolated processes can extend silicon
bipolar and CMOS circuitry to 300 °C by reducing leakage currents, parasitic capacitances, and threshold voltage-dependence
on temperature. General high-temperature issues for semiconductors, which also pertain to silicon, are discussed in Chapter 3.
This appendix begins with a description of high-temperature performance of several silicon technologies, then moves on to a
consideration of oxide-isolation processes that can extend the functional temperature range of silicon circuits.

HIGH-TEMPERATURE OPERATION OF SILICON CIRCUITS

Bipolar Analog Circuits

Historically, operational amplifiers have been the most-studied bipolar analog integrated circuit. The changes in bipolar
component characteristics mentioned above can be so great with respect to temperature that conventional design methods
cannot be used; in fact, design compensation techniques may be only valid for limited temperature ranges. Leakage currents
must be compensated for in all designs; for example, the base-collector leakage current, I, flows in the opposite direction to
the normal base current and can become larger than the normal base current as operating temperatures increase, reducing the
base current necessary to sustain collector current. Decreases in base-emitter voltage, Vi, (less than 100 mV), can force
devices to go into saturation; current design must be used to compensate for this unintentional saturation. In general, large
changes in parameters such as V. and diffused resistor values of the base and collector cause problems in obtaining
controlled and constant circuit performance over wide ranges (Beasom and Patterson, 1982). These parameter changes
manifest themselves as failures due to degradation in the input-offset voltage, V., the open-loop gain, and the bias current.

Bipolar Digital Circuits

Commercial four-input standard and Schottky-clamped TTL NAND gates were tested from 25-325 °C. The high-
temperature failure modes of both TTL NAND gates were identical. The functional failure mode was low output-high
voltage, V,,, and contributed to the collector-base leakage current (from the phase splitter transistor) flowing through the
phase splitter collector resistor. The voltage drop across the collector due to the excess leakage resulted in a decrease in V.
The power-supply currents for output-high and output remained stable through 300 °C. Currentsinking capability increased as
the temperature was increased due to the increasing gain of the current-sink transistor. Current-sourcing capability was
reduced due to

Copyright © National Academy of Sciences. All rights reserved.
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the increase in circuit resistance values (Prince et al., 1980).

FET Analog Circuits

Design techniques for high-temperature analog CMOS generally try to address the temperature dependence of mobility,
drain current, threshold voltage, and leakage currents of MOS transistors as a first attempt to increase the range of
temperature operation. Observed effects in analog CMOS circuits due to changes in transistor parameters include: (1) a
decrease in amplifier-gain bandwidth product and gain, (2) an increase in amplifier input-offset voltages, (3) bias point shifts,
and (4) a decrease in sampling rate due to leaky switches.

For a simple two-stage CMOS operational amplifier, design techniques have been used to allow the op amp to function
up to 250 °C. The most important design technique used was to bias the two gain stages and the output stage at their zero
temperature coefficient (ZTC) drain currents in the saturation region (e.g., ZTC is a gate-bias voltage at which the drain
current exhibits minimum temperature sensitivity). The ZTC gate bias was applied to the current source biasing each gain
stage and to the n-MOS of the output stage by using a voltage dividing string composed of n- and p-MOSFETs. Leakage
currents were compensated for by cascading n- and p-MOSFETs or by using compensation diodes. Cascading was used in the
voltage dividing string and the output stage. Cascading of n- and p-MOSFETs to a common circuit node allows the leakage
currents from the drain to body of the n-MOS and the source to body of the p-MOS to cancel each other with appropriate
selection of MOS-feature sizes. For the differential input stage, a compensation diode can be placed at any node where the
use of cascaded MOS pairs is not possible; the diode can then be used to shunt excess current to one of the power rails
(Shoucair, 1986).

Digital Cmos

General high-temperature effects observed for digital CMOS include: (1) decreasing noise margins and (2) decreasing
switching speeds. CMOS type 4012 NAND circuits were tested from 25-300 °C, with acceptable performance noted to 270
°C. Leakage current on the p-well-substrate junction was determined to limit circuit functionality. The output-low voltage,
V1, increased at high temperatures due to the inability of the n-channel transistors to sink the leakage currents generated at
high temperature. Change in threshold voltages also altered the logic threshold of the voltage transfer characteristics (Prince
et al., 1980). Additional layout (e.g., guardrings or larger n-MOS/p-MOS separation) or processing techniques (e.g., epitaxial
substrates or trenches) may be required to suppress latchup at higher temperatures (Estreich and Dutton, 1982).

DIELECTRIC ISOLATION TECHNOLOGY

Leakage current in reverse-biased junctions is one of the major problems with the operation of junction-based devices
and junction-isolated integrated circuits (ICs) at high temperatures. In bulk CMOS, large junction areas exist between the
source, the drain, and the p-well, and between the p-well and the substrate. For junction-isolated bipolar, large junction areas
exist between the collector well and the substrate. As described above, junction-isolated circuits with no special design
precautions for high temperatures can fail at temperatures as low as 200 °C.

The use of dielectric isolation (DI) or silicon-on-insulator (SOI) eliminates the problem of junction isolation in Ics by
isolating each device with an oxide layer that will (1) eliminate parasitic leakage currents between devices and between
devices and power rails, and (2) eliminate extra junctions that form parasitic devices. The primary benefit of SOI use for
CMOS and some bipolar ICs is the elimination of latchup. SOI eliminates the formation of parasitic p-MOS devices in
bipolar ICs and the formation of parasitic bipolars in CMOS ICs. Figure A-1 illustrates the reduction in large junction-
isolation areas by the use of trenches and SOI.

SOI also allows MOS devices to be fabricated in a manner that reduces leakage currents within the MOS device itself.
The silicon film can be made thin enough to allow the drain and source wells to contact the dielectric layer; the junction area
between the source or drain and the channel is the width of the FET multiplied by the thickness of the silicon film. Reducing
the thickness of the silicon film can lead to an SOI FET with leakage currents that are orders of magnitude smaller than in a
bulk FET. Figure A-2 illustrates the leakage current as a function of

Copyright © National Academy of Sciences. All rights reserved.
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temperature for three types of n-MOS transistors with gate lengths of 2 microns. Leakage currents in thin-film transistors may
not be linearly dependent on the silicon film thickness; theoretical calculations show that the leakage current decreases more
rapidly as the thickness is decreased. Parasitic capacitances are also reduced by reduction of those junction areas (Swonger et
al., 1991).

Standard Bipalar

Pe M+ Ha PFe Mo P Pa

BipolarSIMOX

Trwcn Me He Pse M+ P Tranch

—ECE
i Subitilh

Figure A-1 Reduction in large junction isolation areas by the use of trenches and SOI. Source: Ibis Technology
Corp. (1991).

While the use of SOI in bipolar devices does reduce isolation, latchup, and parasitic MOS-device problems due to
leakage currents at high temperatures, problems such as V., reduction, transistor current gain, base current reversal, etc., still
remain. These problems can be successfully addressed through circuit and device layout modifications.

DI techniques commercially used today include: (1) separation by implantation of oxygen (SIMOX); (2)wafer bonding,
lapping, and etch back; and (3) V-groove etching, polysilicon filling, and lapping of the crystalline silicon.

Wafer Bonding

Wafer bonding is the latest SOI technology. Bonded wafer substrates can be prepared by thermally oxidizing two
wafers. The wafers are then treated so that the oxide surfaces become hydrophilic. The oxide surfaces are then placed face-to-
face, forming a weak room-temperature bond. Subsequent annealing at temperatures greater than 800 °C form stronger bonds
so that the wafers can no longer be separated. After bonding, one of the wafers (the device wafer) is thinned to the desired
silicon film thickness by grinding, electrochemical etching, and polishing. Thin and uniform silicon layers are difficult to
produce using the wafer-bonding technique (Swonger et al., 1991). Wafer bonding is currently limited to silicon film
thicknesses larger than 1 pm due to thickness variations of 0.5 um during thinning processes. Wafer-bonding does provide an
excellent quality silicon film with very few dislocations. The wafer-bonding process also facilitates the fabrication of SOI
wafers with very thick buffed oxide layers. The high-quality silicon films and thick oxides generally make wafer bonding a
good technology for high-performance bipolar applications. Dislocations can cut through the bipolar emitter and collector,
allowing preferential diffusion and punch-through. Thicker oxide layers reduce substrate capacitance, allowing higher-speed
bipolar performance.

SIMOX

In the SIMOX process, a buffed SiO, layer is formed below the silicon wafer surface by implanting oxygen into the
wafer at sufficient dose and energy. The thickness and quality of the silicon and SiO, layers depend on the oxygen dose,
temperature of the wafer during implantation, and anneal temperature after the implant. Multiple implants are used to reduce
the silicon defect density. As an example, a high-quality sample was made with a 400-nm-thick buried oxide and a single-
crystal 250-nm-thick silicon top film. The ion dose, energy, and implantation temperature were 1.8 x 10'® cm™2, 200 keV, and
620 °C, respectively. A final post-implant anneal of 1350 °C was used. The quality is adequate enough to fabricate 256 k

1

D Conpre Phys)

14 15 4 17 LA KR 20 31 2% 23 34
A0CE TG

Figure A-2 Leakage currents as function of temperature for three types of n-MOS transistors with gate lengths of 2
microns. Source: Swonger et al. (1991).
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SRAMS. Commercial vendors offer SIMOX wafers from 3 in. to 200 mm diameter. SIMOX is traditionally used for CMOS
applications instead of wafer bonding because thin and uniform layers can be produced (Colinge, 1993).

Lateral Isolation

In addition to vertical isolation processes afforded by the SOI technology, a lateral isolation process is needed to isolate
devices. In SOI, thin silicon films can be etched off between devices or consumed by local oxidation. Lateral isolation in
thick films is obtained by etching narrow and deep trenches through the silicon layer to the buried oxide layer. These trenches
can then be filled with an oxide.

APPLICATIONS TO DEVICE TECHNOLOGY

Bipolar-Junction-Transistor Applications In SOI Technology

Recently, lateral n-p-n bipolar transistors have been fabricated using SIMOX SOI substrates. The bipolar structures were
investigated for high-frequency and smart power applications and no high-temperature tests were mentioned, although the
benefits of dielectric isolation with respect to higher integration density, no latchup, less leakage current, high-temperature
operation, and noise immunity were mentioned (Weyers et al., 1992; Parke et al., 1993).

Operational amplifiers that used dielectrically isolated bipolar transistors and other design techniques mentioned above
were developed in the late 1970s by Harris (Beasom and Patterson, 1982). The operational amplifier was characterized over
the temperature range of 25-300 °C. Useful circuit performance was observed up to 300 °C. In Appendix C, Table C-1
summarizes the electrical parameters of the 300 °C op amp. A similar op amp circuit design was refabricated by Harris using
a DI process flow and bonded wafer SOI substrates (Swonger et al., 1991). The process flows are shown in Figure A-3. Other
than dielectric isolation, no other high-temperature compensation techniques were used for this circuit design. These op amps
were also tested to 300 °C, with all devices functional to that temperature. Power dissipation, input-offset voltage, input-bias
current, and input-offset current increased as temperature increased while the open-loop gain decreased with increasing
temperature; this latter parameter is shown in Figure A-4 as a function of temperature. It was reported that degradation could
be minimized by incorporating other high-temperature design techniques into the operational amplifier design.

Cmos Applications In SOI

A variety of CMOS circuits based on SOI has been tested for high-temperature applications. Circuits tested include
inverters, 19 stage ring oscillators, and 4 k through 128 k SRAMS.
Allied Signal has tested thick- and thin-film MOS-FET-based inverter circuits to temperatures as high as

D bectiia: bnolatian Boried Water
-
| e— T
" 1 “;'1;,
L Ll -
L] __:_m_r o3
tie r Cm Jw b

h 1]
LS
t - i T LT

Mo i e J
4 R ]
d L]
B POy e [
L] ]

Figure A-3 Schematics of the dielectric isolation material process flow and the bonded wafer material process flow.
Source: Swonger et al. (1991).
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450 °C. The leakage current is greatly reduced by the use of SOI with two films. Inverters made in 4,000-A-thick SOI were
tested to 450 °C with fairly good results. Leakage currents did degrade their noise margin somewhat, and threshold voltage
shifts did change the output-voltage versus input-voltage swing slightly (McKitterick, 1991).

20 =

penioepman. A, 10}
2= 8 =
| S H L

B
T

Terrpetatate 1

Figure A-4 Open-loop gain as a function of temperature. Source: Swonger et al. (1991).

Harris has tested 4 k SRAMs in silicon and SOI from 25-300 °C. The SOI SRAMs functioned to 300 °C, with
degradation occurring in access times and circuit standby current. The bulk SRAMs failed at 275 °C.

SOI SRAMs (64 k) developed for military applications by Honeywell have been tested at 250 °C for 5,000 hours. The
SOI CMOS process tested has not been optimized for high-temperature operation but is being modified to develop an SOI
process capable of 300 °C operation. Digital products to be tested include processors and application-specific ICs as well as
memories. Linear products in development for high-temperature testing include operational amplifiers, analog switches,
voltage references, and application-specific integrated circuits.
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Appendix B: Gallium Arsenide As A High-Temperature
Material

Recent advances in the quality of devices have moved this well-known semiconductor into the forefront of high-
temperature electronics. In comparison to silicon, the wide bandgap of GaAs (and GaAs-based alloys) makes it an
intrinsically high-temperature material (Sze, 1981). However, because the bandgap of GaAs is not as wide as that of SiC, it is
not as suitable for very high temperatures (above 400 °C; Fricke et al., 1989). Over the years, GaAs FET-based high-
temperature technology has developed into a well-established large-scale integrated technology, with some inroads into the
very-large-scale-integrated (VLSI) arena. Although the developments in GaAs heterostructure bipolar transistors (HBTs)
have also been significant, the technology for their fabrication is much less developed than that for MESFETs and
heterostructure field-effect transistors (HFETS). As this technology develops, HBTs may become the preferred device for
high-temperature electronics. Unlike emerging SiC technology, existing GaAs material and fabrication technology is
currently able to produce integrated digital, analog, microwave, and opto-electronic circuits. The high-temperature potential
of GaAs-based integrated circuit technologies is reviewed in this appendix.

STATUS OF COMMERCIAL VLSI GAAS DEVICES FOR HIGH-TEMPERATURE
ELECTRONICS

The failure modes observed to date for GaAs devices have primarily been wear-out mechanisms caused by metal-GaAs
interdiffusion (Christou et al., 1985; Magistrail et al., 1991). In normal operation of GaAs MESFETs with gold (most often
being Ti/Pt/Au or Ti/Pd/Au) or aluminum metallization, the major modes of failure are (1) ohmic contact degradation caused
by interdiffusion to the source or drain of FET structures; (2) degradation of Schottky gates caused by interdiffusion to the
channel of FET structures; and (3) electromigration, usually within aluminum metallization, on surfaces (Maurer et al., 1990).
When the heterostructure FETs (HFET or MODFET for modulation-doped FET), also known by many other acronyms
(HEMT for high electron mobility transistor, SDHT for selectively doped heterojunction transistor, TGFET for two-
dimensional electron gas FET, SISFET for semiconductor-insulator-semiconductor FET, HIGFET for heterojunction
insulated-gate FET, and complementary HFETs) or HBTs are evaluated, one must add to the above MESFET failure modes
interdiffusion between semiconductor layers. This can destroy the stability of the desired heterostructure (Maurer et al., 1990).

In general, MESFETSs exhibit higher gate leakage currents than MOSFETs because the channel isolations from their
gates are made of reverse-biased Schottky junctions in which the leakage is orders of magnitude higher than the oxides used
in the latter devices. In addition, the MESFETs are likely to suffer from electron injection from the channel into the substrate
because of the high electric fields generally prevailing near the drain of the devices (Shoutair and Ojala, 1992). Still, silicon
transistors can only reach 200 °C if their leakage currents are properly compensated at such temperatures. In addition, the 200
°C maximum temperature for silicon devices corresponds to at least 400 °C for GaAs (Fricke et al., 1989). Recently, the
performance of commercially available VLSI GaAs devices in elevated temperatures (200-400 °C) has been a subject of
extensive studies (Bottner et al., 1991; Schweeger et al., 1991; Anholt and Swirhun, 1991; Simons et al., 1994). The device
degradation at these elevated temperatures was attributed to drain leakage currents that caused increased output conductance,
poor pinch-off characteristics, and low current-on over

Copyright © National Academy of Sciences. All rights reserved.
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current-off (I,,/I,¢) ratios (Lee et al., 1994). Shoucair and Ojala (1992) reported on the effects of elevated temperatures on the
largeand small-signal electrical parameters of commercially available enhancement- and depletion-mode GaAs MESFETs.
These MESFETs were fabricated with a tungsten nitride gate and AuGe/Ni/Au ohmic contacts. Their experimental data
suggest that while GaAs MESFETs generally exhibit degradation mechanisms similar to those of silicon MOSFETs at
elevated temperatures, they incur several additional effects that include (1) an increased gate leakage current; (2) a lowered
Schottky barrier height; (3) a lowered sensitivity to sidegating and backgating; (4) a lowered input resistance; and (5) an
increased drain resistance (Shoucair and Ojala, 1992). The authors concluded that the leakage current of commercially
available GaAs MESFETS, between room temperature and 400 °C, is caused by the generation-recombination mechanism.
As can be seen in Figure B-1, the leakage current varies in direct proportion to the intrinsic carrier concentration ni(T), as
does the variation of GaAs substrate resistivity with temperature (Shoucair and Ojala, 1992).

Shenoy et al. (1994) recently studied the self-aligned VLSI GaAs MESFETs with tungsten-based refractory-metal
Schottky gates and nickel-based refractory-metal ohmic contacts. These commercially available devices were shown to be
stable after three hours at temperatures up to 500 °C (Figure B-2), with a significant degradation of the transconductance, g,
seen above 500 °C.
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Figure B-1 GaAs MESFET and silicon MOSFET drain leakage currents. Source: Shoucair and Ojala (1992), ©
1992 IEEE.

Sokolich et al. (1991) described microwave FETs with an 800-hour lifetime at 250 °C, apparently limited by ohmic
contact degradation. Another study by Esfandiari et al. (1990) revealed that when ion-implanted GaAs MESFETs are subject
to temperatures of 125 °C for 10,000 hours, they show no degradation of the ohmic contacts and gate metallization. Fricke et
al. (1989) have demonstrated that using ohmic contacts with a WSi, diffusion barrier and properly optimized passivated
surfaces allow reliable device operation up to 300 °C, thereby proving the adaptability of state-of-the-art GaAs fabrication
techniques for high-temperature applications.

APPROACHES FOR IMPROVING GAAS IC HIGH-TEMPERATURE LIMITS

In this section, different existing GaAs-based devices for high-temperature applications are described based on
information provided in the literature (Hartnagel, 1992; Dreike et al., 1994). Several valuable experimental papers (Fricke et
al., 1989; Anholt and Swirhun, 1991; Bottner et al., 1991; Schweeger et al., 1991; Sokolich et al., 1991; Swirhun et al., 1991;
Hartnagel, 1992; Lee et al., 1994, 1995; Reston et al., 1994; Simons et al., 1994) have been published that point out the
potential advantages
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Figure B-2 MESFET transconductance, g,,, after three-hour anneals at various temperatures. Source: Shenoy et al.
(1994), © 1994 IEEE.
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of this semiconductor material. Fricke et al. (1989) reported that GaAs MESFETs experienced no device deterioration at 300
°C, even after storage, without bias at this temperature for more than 1,000 hours. The high reliability of these devices was
mainly due to a diffusion barrier of WSi, in the ohmic contacts and an optimized Si3N, passivation. The diffusion barrier was
constructed of nine alternating layers of electron-beam evaporated tungsten and silicon that, after rapid thermal annealing at
640 °C, formed a 1,000-A-thick WSi, layer (Fricke et al., 1989). Figure B-3 shows the structure of an ohmic contact after
deposition. A simple operational amplifier constructed with these MESFETs functioned at 300 °C (Bottner et al., 1991;
Schweeger et al., 1991).

Figure B-3 Diffusion barrier constructed of nine alternating layers of electron-beam evaporated tungsten and
silicon. Source: Fricke et al. (1989), © 1989 IEEE.

Swirhun et al. (1991) demonstrated 100-hour lifetimes at 400 °C for a 1 pm self-aligned gate (SAG) MESFET with
temperature-hard ohmic contacts, buried p-type channel implants, and gate sidewall spacers (Figure B-4). A SAG process-
flow first defines a refractory gate metal (WSI), and then uses this gate pattern to self-align source and drain-dopant implants.
This is followed by the deposition of SizN, and subsequent implants with activation at 800 °C. In this fabrication sequence,
the Schottky gate and passivation layer must be mechanically and chemically stable at temperatures well above the operating
range. The Ni/In/Ge/Ni/Mo ohmic contacts are made after gate definition. These ohmic contacts were passivated with 100 nm
of Si3N, and a rapid thermal anneal at 800 °C for five seconds.

A 1.0 gm x 10 pm depletion-mode MESFET showed on/off current ratio decreasing from 106:1 at room temperature to
near 20:1 at 400 °C (Figure B-5; Swirhun et al.,, 1991). Although this degradation is detrimental for most electronic
applications, these devices can be still used for some digital and small-signal radio frequency functions.

Lee et al. (1994, 1995) studied the influence of GaAs substrate conduction on FET drain leakage current at elevated
temperatures. Other studies have shown the high resistance, undoped AlAs buffer layers to practically eliminate leakage
current through the substrate. The I,/I ¢ ratio for the MESFET with a 2,500-A AlAs buffer was 330:1, which is an order of
magnitude improvement over

Corvantional High Temperalure
Rocoss Gase Soll-aligned Gate

Figure B-4 Comparison of conventional MESFET with MESFET using temperature-hard ohmic contacts, buried p-
type channel implants, and gate sidewall spacers. Source: Swirhun et al. (1991).
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previously reported results at 350 °C (Simons et al., 1994; Schweeger et al., 1991). This AIAs buffer should also play a major
role in reducing backgating effects for ICs. From the work of Lee and his colleagues, it seems that the reduction of I g is
more dependent on AlAs bulk resistance than conduction-band discontinuity. This study shows that one of the major
deterrents (i.e., leakage current through the substrate) of GaAs standard technology can be removed by adding high resistivity
buffer layers, thus making it a viable technology for high-temperature applications.
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Figure B-5 MESFET showing on/off current ratio decreasing from 106:1 at room temperature to near 20:1 at 400
°C. Source: Swirhun et al. (1991).

Reston et al. (1994) demonstrated that, through minor modifications to a standard MESFET process, the high-
temperature MESFET can be fabricated (Figure B-6). The first improvement involved deposition of a silicon-nitride insulator
under the interconnecting metal to reduce parasitic currents. The second modification consisted of MBE deposition of a high-
resistivity AIAs buffer layer below the active device layer to reduce substrate leakage. The final change consisted of a
substitution of the conventional ohmic contact with a refractory metal stack similar to the one proposed by Swirhun et al.
(1991).

Figure B-6 High-temperature MESFET incorporating modifications to standard process. Source: Lee et al. (1995),
©1995 IEEE.

With these modifications, a high-temperature MESFET operating at 350 °C had its output conductance reduced by an
order of magnitude (7,700 Q at V, = 0V), and the off-current reduced to approximately half of the gate leakage current.
Figure B-7 shows the I-V characteristics for the typical high-temperature MESFET at 350 °C (Reston et al., 1994).

Eden (1994) advised the use of a high barrier potential gate (HiIGFET) structure or possibly p-n junction gate (JFET)
structure instead of a simple MESFET to reduce drain-gate leakage current and raise gate forward voltage. As an extreme to
reduce the leakage, Eden suggested using the demonstrated Rockwell "lift-off" technology to transfer GaAs devices to
insulating substrate, followed by isolation etch and planarization steps and then generating the metal/dielectric layers required
for interconnects.

CONCLUSIONS

GaAs-based IC technologies are likely to play an important role in the realization of high-temperature devices. Both
device physics and semiconductor fabrication technology demonstrate that, for selected applica

Copyright © National Academy of Sciences. All rights reserved.
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tions, homojunction electronic GaAs devices are capable of 400 °C DC transistor characteristics and 500 °C storage without
bias (Swirhun et al., 1991). With some structural and process modifications, commercially available GaAs MESFETs can be
developed for utilization in high-temperature electronics (Schweeger et al., 1991; Swirhun et al., 1991; Lee et al., 1994, 1995;
Reston et al., 1994). Thus, for a modest investment in process modification of commercial MESFETS, substantial high-
temperature performance characteristics can be realized, and improved devices can be manufactured to support the system
requirements up to 400 °C.

For GaAs-based and all other IC technologies, development of stable, electromigration-resistant metal systems for
interconnecting devices in ICs and the supporting packaging technology is an important reliability issue for any high-
temperature applications. To achieve this with 10*hour lifetimes will require further development of interconnection and
package technology. With sufficient market pull, GaAs-based technology could be developed for reliable operation up to 400
°C, except for microwave devices. This technology development could be relatively straightforward and would build upon
existing infrastructure. However, for the applications that demand temperatures above 400 °C, ternary and quaternary I1I-V
material systems might offer better potential solutions (for example AlGaAs/GaAs diodes and bipolar-junction transistors
grown on GaAs substrates, have demonstrated operation to 450 ~ C (Zipperian, 1986; Fricke et al., 1989; Dreike et al., 1994).

EEC B
Y

B

000

B e W Sl i S |
100 03 LA T I8 D8R 12 bR

T o

Figure B-7 Operating characteristics of MESFET structure shown in Figure B-6. Source: Lee et al. (1995), © 1995
IEEE.
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Appendix C: High-Temperature Microwave Devices

Semiconductor devices are making an ever-greater impact in system applications as they are increasingly utilized for
microwave and radio frequency (RF) power generation and amplification. The history of this impact can be traced back to the
early 1970s when silicon diodes were developed for microwave detection and power generation. The utility of the diodes
extended to frequencies unattainable by silicon bipolar transistors that were limited by their long charging-time constants and
low carrier-diffusion rates through the base layer. Silicon FETs were developed for digital applications, but their potential for
microwave use was pre-empted by improvements made in gallium arsenide (GaAs) materials technology. GaAs offered high
electron mobility and high saturated velocity not available with silicon and held the promise of much better microwave
performance. The first GaAs devices were Gunn diodes that used the negative differential mobility available in the material.
Throughout the early 1980s there was steady progress in improving the quality of GaAs wafers and devices made from them.

The premier device of interest was the GaAs MESFET. Development benefited from electron beam gate writing
technology established during the same time period. Gate lengths achievable for GaAs MESFETs decreased to submicron
dimensions, enabling a number of high-performance applications through the millimeter-wave bands. At the same time, GaAs
IMPATT diodes set records for power output. Such diodes are now combined to form units that can achieve the kilowatt level
at frequencies above 30 GHz. Indeed, GaAs IMPATT diodes are a serious contender for applications now requiring vacuum
tubes.

In the late 1980s and early 1990s, materials technology again advanced with the widespread application of MBE and
metal-organic chemical vapor deposition (MOCVD) techniques. Heterojunction structures made from the III-V compound
semiconductors (Ga,AlIn)-(As,P) could be fabricated resulting in material combinations in which band structures were
engineered to optimize device performance. High Electron Mobility Transistors (HEMTs) and Heterojunction Bipolar
Transistors (HBTs) improved on the performance of microwave devices.

Concurrent with the development of improved III-V microwave devices was the development of monolithic circuit
technology. For this technology, circuits necessary to tune transistors electrically and combine their power were printed
directly on the same semi-insulating GaAs substrates incorporating the active devices themselves. The result was a cost and
weight savings in addition to considerably enhanced functionality of the chips over discrete devices. Materials technology
was again a key to the progress of the field. For integrated circuits to be cost effective, large defect-free wafers were required.
These wafers were developed as the industry recognized the need for them. Development work was aided by the commercial
demand for LEDs requiring GaAs substrates.

In recent years, devices on indium phosphide (InP) substrates have come under development. HEMTs and HBTs on InP
can have performance advantages over devices designed on GaAs substrates. This is due to the broad range of materials
which can be grown hetero-epitaxially on InP. Also, compared to GaAs substrates, InP offers higher avalanche breakdown
fields and higher thermal conductivity (e.g., the thermal conductivity of InP is 0.7 W/ecm'K; GaAs is 0.54 W/cm-K).
Nevertheless, microwave devices on GaAs provide the benchmarks of performance against which other materials are judged.

As systems designers consider the use of solid-state microwave devices, they are confronted with the need for
maintaining device temperatures low enough to ensure efficient operation and provide for reliability. In general,
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operating temperatures of GaAs transistors and diodes must be held below 150-200 °C. Above these temperatures, parasitic
resistance increases and saturated carrier velocities decrease, both contributing to degradations in gain performance.
Furthermore, there is a significant increase in the pace of deteriorization in the contacts—and in some cases the doped layers—
due to elevated diffusion coefficients of particular dopants such as zinc (p-type in GaAs). Deteriorization is at least partially
thermally activated, with applied voltages and currents also playing a role.

The major implications of the need to limit the temperature of microwave devices are twofold: (1) power density must
be limited at the active layers since much of the temperature rise is due to heat-spreading resistance (known as thermal
resistance) through the substrate very near to the active regions, and (2) attention must be paid to cooling the chip mount to
minimize ambient temperature rise due to the time average power dissipated. The second item has a major impact on the
utility of GaAs-based devices in microwave systems. Cooling systems must be provided to remove heat from the system and
maintain heat-sink temperatures at acceptably low levels. The operating temperature of the device is given by Equation (C. 1)

T:I-Tl"'Rl.lPﬁr mr”

where Tj is the active-layer temperature, T, is the ambient heat-sink temperature, Ry, is the device thermal resistance,
and Py is the dissipated power. It is evident from Equation (C.1) that higher permissible operating temperatures and lower
thermal resistance will allow higher ambient temperatures in systems. This will have a favorable impact on size, weight,
complexity, and cost. Furthermore, if higher operating temperatures could be utilized, circuits with higher power-dissipation
densities would be allowed. For low thermal resistance, a high thermal conductivity material is required since, as noted
above, most of the thermal resistance is provided very near to the active region of the device where the heat has not yet
spread over a large area.

Higher permissible power dissipation is an advantage to the system designer only if it adds functionality to the circuit
(by allowing more transistors per unit area) or if it relates directly to improved power performance. This point is illustrated by
expressing the dissipated power, Py, in a transistor in terms of its gain, G, and its RF output power, P

Fas = [[1Mp) + (IVG) - 1P, (c.2)

where Ppc is the DC input power to the transistor and hp = P, /Ppc and hp is called the drain or collector efficiency
depending on the transistor type. A useful parameter is the power-added efficiency (PAE) defined by

PAE = (P, - PPy = hyll - (1/G)] . (C.3)

Normalized curves of power dissipation are shown in Figure C-1 indicating sensitivity to both gain and efficiency. If a
transistor with a given thermal resistance can withstand higher operating temperature but is less efficient, the ambient
temperature must be reduced correspondingly and the advantage is lost. Furthermore, the prime power required by the
transistor is increased, making it less suitable for use. An alternative is to reduce the output power required from the
transistor. This, too, has undesirable system implications.

In summary, good performance (gain, efficiency, and power output) is required from any microwave semiconductor
device intended for operation at high ambient temperature. Only in rare cases will poorly performing devices be used simply
to withstand high ambient temperature.

The semiconducting materials discussed in this report, SiC, diamond, and III-V nitrides are candidates for use at

23r-
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Figure C-1
Contours of normalized power dissipation on the gain-efficiency plane.
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high temperatures according to the criteria discussed. These candidate materials can be classified as "emerging materials," as
GaAs was an emerging material of the early 1970s. Thus, in assessing the potential for microwave devices constructed from
SiC, diamond, and nitride materials, this appendix separates the "fundamental" properties inherent to these materials from
those related to technology deficiencies that will almost certainly be overcome in the long run. This fundamental category
includes such parameters as mobility, saturated velocity, dielectric constant, and avalanche breakdown electric field.

Two often-cited "figures of merit" are due to Johnson (1965; JFM) and Keyes (1972; KFM). JEM accounts for the fact
that in an intrinsic device (i.e., one without parasitic resistance or reactance) there is a tradeoff between the time a carrier
spends gaining energy in an electric field as it drifts through a device and the response time of the device. JFM is related to
electronic properties and does not account for thermal effects. JEM also does not predict the ultimate device active volume,
proportional to power.

A better figure of merit is KFM. Impedance considerations and the resulting increase in thermal resistance as devices are
made smaller are accounted for by use of KFM. Keyes assumes that smaller devices are inherently faster in response at a
fixed input impedance level. But devices cannot be made smaller without increasing the thermal resistance and thereby
limiting the power output. This introduces the thermal conductivity as a factor. The breakdown field is not significant in this
figure of merit since KFM addresses a thermal rather than an electronic limit.

Calculated JFM and KFM for a variety of materials are shown in Chapter 3 in Table 3-1. For JFM, the high breakdown
field dominates, making all of the wide bandgap materials attractive when compared to silicon, germanium, and GaAs. There
appears to be no significant difference in the predicted merit among the various wide bandgap materials. The high thermal
conductivities of the wide bandgap materials increase the values of KFM. Also, their lower dielectric constants reduce the
capacitance per unit area thereby further increasing KFM.

The figures of merit suggest that electronically limited devices such as FETs should have higher power density in the
wide bandgap materials. For thermally limited devices such as bipolar transistors or IMPATTSs, higher power density should
also be achievable in the wide bandgap devices. These predictions must be moderated by the fact that both figures of merit
give a very crude picture of the situation since only the "intrinsic" device is considered. The figures of merit do not account
for parasitic resistance and other detailed effects that limit gain and efficiency. The requirements of matching devices
operating under bias conditions that take advantage of the material properties is also omitted from the figure-of-merit
analysis. For example, is it possible to operate devices at high voltages when the necessary high impedance loads are in
conflict with conjugate matching requirements for gain and efficiency? These considerations are addressed in more detail in
the next section.

The figures of merit just discussed are based on some of the fundamental properties of the materials. Ultimately,
technology issues must be confronted. Such issues include wafer size, defect density, contact resistance, and stability of
contacts at elevated temperature. Fundamental properties and technology issues are not totally unrelated, and some important
factors fall between the two categories. For example, sheet resistivity and contact resistance may both be related to the alloy
method and the metallurgy used to form the contacts. The choice of doping method (e.g., growth versus implantation) may
relate mobility (fundamental) and doping density (technology). These relations can only be resolved in the course of time as
materials, technology, and devices are developed and tested experimentally.

It is difficult to make predictions of ultimate performance based on today's demonstrated technology. Instead, this
appendix considers the various devices under development to highlight the relative importance to performance of physical
parameters. The numbers used in the analysis are based on present-day state of the art. Since the committee is working from
an incomplete knowledge of material physical parameters as a function of temperature and doping, some assumptions are
made in the analysis. It is hoped that these assumptions represent the correct order of magnitude for devices that can
ultimately be built from wide bandgap materials. From the analysis, it should be evident which technology elements must be
given the most attention (for example, contact resistance), and this should be taken as motivation for further research and
development.

Copyright © National Academy of Sciences. All rights reserved.
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There are two general approaches taken to make predictions of microwave performance: detailed numerical computer
models and analytic approaches. Numerical models can yield highly self-consistent results that may not represent the best
global operating conditions even when optimization is attempted. The details may be inaccurate due to imperfect knowledge
of the physical parameters or circuit constraints. Furthermore, such an analysis often does not clearly expose the physically
important parameters. Therefore, this appendix applies the analytical approach to the most important microwave devices.

BASIC DEVICE TYPES

The basic microwave device types for high-temperature semiconductors are the same as those now commonly made
from GaAs and silicon. Candidates are the following:

(1) bipolar junction transistors (BJTs),

(2) static induction transistors (SITs),

(3) junction field effect transistors (JFETS),

(4) metal-semiconductor field effect transistors (MESFETS),
(5) heterojunction transistors (HJTs),

(6) impact avalanche transit time (IMPATT) diodes.

Excluded from this list are both enhancement- and depletion-mode MOSFETs (see Figure C-2), which are expected to
have limited utility at microwave frequency when compared with MESFETs. Oxides tend to trap charges within them and
also at the interface between the oxide and semiconductor. This condition results in the screening of the conducting channel
to high-frequency excitation when the transistor is not driven into saturation as it would be in switching applications.
Furthermore, MOSFETSs can have poor electron surface mobility due to roughness at the oxide-semiconductor interface. If p-
channel MOSFETs are used in the enhancement mode, channel access must be made by holes that have low mobility or a
high parasitic resistance will result.

Despite this pessimism for the potential of wide bandgap MOSFETs for microwave application, it should be noted that
MOSFETs fabricated from both 6H- and 3C-SiC have shown good DC properties, even at temperatures as high as 400 °C. It
would be worthwhile exploring the frequency response of such devices to determine in more detail their limits of
performance. Indeed, MOSFETs may have a useful role to play in low-frequency operation where the reliability at high
temperatures is a primary consideration. The oxide-metal interface may be more stable with temperature than that formed
between the metal and the semiconductor. Changes in that interface during long-term operation may have a less significant
effect on device performance than one might encounter in a MESFET.

rtypl conducting channel fammed
with pogedneg gate Dias voltage

p-iype Subsiras

Hegh resitety SLEHVRS

Figure C-2 Enhancement- and depletion-mode MOSFETs.

Bipolar Junction Transistors

The basic structure of the bipolar junction transistor (BJT) is shown in Figure C-3. A voltage on the base is

Copyright © National Academy of Sciences. All rights reserved.
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used to forward-bias the base-emitter junction and charge diffuses across this junction to the reverse-biased collector-base
junction. In the base, carriers are subject to bulk recombination and have a lifetime on the order of 1-10 nanoseconds for
GaAs, 3C-SiC, 6H-SiC, diamond, and GaN but not for silicon where it can be in the millisecond range due to the indirect
bandgap and the low density of recombination centers. Other recombination mechanisms that depend on surface treatment are
operative at the edges of the base and emitter regions, particularly at low current densities. It is expected that these effects
will be related to device fabrication details and there is no proven model for them at present.

|L (]
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Figure C-3 Structure of a bipolar junction transistor. Source: Trew et al. (1991), © 1991 IEEE.

The charge moving across the base of a BJT that does not recombine on its journey is accelerated across the reverse-
biased collector layer delivering power to the external load. An n-p-n transistor is preferred since electron mobility, and hence
diffusivity in the base, is higher than that of holes. Higher diffusivity results in higher minority carrier-density gradient in the
base and therefore higher current gain. A penalty paid for this is that the extrinsic base resistance is higher in an n-p-n
transistor than for a p-n-p transistor due to the lower hole mobility.

There are several examples of SiC BJTs that have shown reasonable DC current versus voltage curves up to 400 °C
(Palmour et al., 1993). In early work (Muench et al., 1977), n-p-n devices were fabricated from CVD layers and had DC
current gain in the 4-8 range and leakage current of 10> A/cm? at V. = 40 V. Although demonstrations of DC current gain is
a necessary first step for a viable microwave device, the issue of frequency response is not addressed in such measurements.

The frequency response of a transistor is comprised of an "intrinsic" time related to the rearrangement of charge in the
basic device layers and an "RC" time constant related to charging the capacitance parasitic to the transistor through parasitic
resistance of the layers and contacts. Until the parasitic capacitances are fully charged, the voltages at the intrinsic device
layers will not reach steady state. The intrinsic response time is characterized by the frequency at which the current gain
becomes unity, f;, as

1= 12ty . ca

A second characteristic frequency is f,,,, the frequency at which the unilateral gain becomes unity according to
Equation (C.5):

U o=t E ([

and it can be shown that f, ., is given approximately by Equation (C.6):
Lo = ISRRTHNT . 6

where R is the extrinsic base resistance and C is the parasitic base-collector capacitance. Equation (C.5) and (C.6)
illustrate the importance of parasitic resistance and capacitance in determining the gain of the transistor. To reduce C, the
base contacts must be small, but this, in turn, increases base contact resistance that is already high due to the low base doping
required for DC current gain. The low base doping also increases the sheet resistance under the base contact and between the
base contact and emitter contact. These effects severely reduce the frequency response of silicon and GaAs BJTs rendering
them essentially useless above 3 GHz.

Parasitic effects would have an even more detrimental effect on bipolar transistors constructed of wide bandgap
semiconductors such as SiC and GaN. Bipolar transistors fabricated from diamond cannot yet be contemplated since no
effective n-type dopant has been found for the material.

More detailed simulations have been conducted of BJTs predicting that performance would be severely limited by ohmic
contact resistance now achievable and by high base sheet resistance due to low hole concentrations

Copyright © National Academy of Sciences. All rights reserved.
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necessary (Gao et al., 1994). The base resistance would further be increased by the need to use narrow base widths (less than
500 A) to allow rapid base transit of electrons. Other simulations of SiC BJTs were conducted by Trew et. al. (1991) who
showed that performance falls rapidly above 1.5 GHz (Figure C-4). Better performance is predicted from a 6H/3C-SiC HBT
where a valence-band discontinuity between the two polytypes could confine holes to the base under forward bias (Gao et al.,
1994). Thus, the base carrier concentration could be increased by several orders of magnitude to up to 2 x 10'° cm?. In the
analysis, base doping was assumed to be graded over the layer by two orders of magnitude to provide a built-in electric field
and thereby speed transport of electrons across the base layer. Also assumed was a base contact resistance of 10 Q-cm?,
which is a somewhat optimistic value for p-type material. The results suggest that the devices at 1 GHz would be usable up to
450 °C (Gao et al., 1994). If base contact resistance were higher, the performance would not be acceptable.

Little can be said about the potential of the other wide bandgap materials for BJT application, but the situation is likely
to be similar to that of SiC. An interesting possibility would be the GaAIN/GaN heterojunction bipolar transistor, especially if
constructed on a SiC substrate with high thermal conductivity. GaAIN and GaN are lattice matched over a wide aluminum
concentration and the bandgap can be varied with an aluminum mole fraction between 3.5 eV and 6.5 eV. Such a
heterostructure would be useful if a significant valence-band discontinuity could be established without an excessive large
conduction-band discontinuity. A discontinuity in the conduction-band would lead to an energy barrier to electron injection
from the emitter into the base. There would be a large collector voltage threshold voltage for turning on the transistor. Low
hole mobility {=&0 emd/¥-a} and an associated high parasitic base resistance is a potential difficulty with GaAIN/GaN
heterojunction bipolar transistors. More detailed information about the properties of GaAIN/GaN combination should be
obtained experimentally to asses the potential of such devices for heterojunction bipolar use.
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Figure C-4 Simulated microwave performance of SiC BJTs. Source: Trew et al. (1991), © 1991 IEEE.

Static Induction Transistors

The static induction transistor (SIT) is a three-terminal device that has several features making it attractive for
development using wide bandgap material. The structure is shown schematically in Figure C-5. A source contact is
positioned on the surface of an n-type crystal between two p-type regions. The p-n junction forms a gate that, when reverse-
biased, can regulate the flow of electrons from the source by raising and lowering the potential barrier seen by the carriers.
This modulates the number of carriers

v g“‘ o .
E I/////

\'dl vdl LN

GeGalw D= Drds 5= Sopize

Figure C-5 Comparison of SIT with MESFET: (a) potential gate barriers established, (b) resulting current-voltage
curves for SIT, (c) generic MESFET I-V curves. Source: Trew et al. (1991), © 1991 IEEE.
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collected at the drain, which is heavily doped n-type. The reverse bias established between the gate and the drain provides an
electric field to accelerate the injected carriers. The potential barrier established by the gate and the resulting current-voltage
curves are shown in Figure C-5 where they are compared with the corresponding curves for MESFETs. It is noted that the
barrier height is a strong function of the applied drain voltage and that this results in a high output conductance in the I-V
curves of the SIT. The current-voltage contours of an SIT resemble those obtained from a vacuum-tube triode.

There is reason to believe that SITs from wide bandgap material, and particularly in SiC, can be useful for high-power
application. The structure uses a vertical design in which carriers move in a direction perpendicularly to the crystal surface.
This eliminates the requirement of submicron gate fabrication for high-frequency operation. Transit time is determined by
drain-layer thickness that can be controlled and made very small during epitaxial growth. For a vertical device, there is a
tradeoff between breakdown voltage and transit time. This is predicted by the JFM to be favorable for SiC compared with
silicon. The devices can be operated at high drain voltages (V, = 100 V) for thick, lightly doped channels, provided that
transit time through the channel does not limit frequency. In contrast to the MESFET, the current density through a SIT
channel is not limited by its thickness and can be much higher when normalized to the total length of the source contact.
Current density for the SIT is most properly normalized to the source contact area and described in A/cm? rather than mA/
mm. The SIT channel is depleted of carriers and has a high electric field making it more immune to space charge effects that
eventually limit the current density.

SITs can be fabricated on highly doped substrates. For low microwave frequencies where hybrids can be used, it is not
necessary to use semi-insulating material as with the MESFET. Semi-insulating substrates would be necessary only if
monolithic circuits are desired. Using conductive substrates would permit a more robust materials technology and allow a
wider range of growth and bonding options. Frequency response could be improved since traps and defects in the substrates
would be less important.

The SIT is a thermally limited device. The high thermal conductivity of SiC gives it an advantage over silicon and GaAs
for SITs predicted by the KFM. The lower dielectric constant of SiC reduces the output capacitance per unit area of the
device allowing larger devices. Also decreased is the parasitic source to gate capacitance that provides degenerative feedback
and reduces gain in a manner similar to the case of bipolar transistors described earlier. The thermal and electrical advantages
noted for SiC should be even more pronounced if diamond could be used for the SIT. The diamond application would require
a suitable n-type dopant.

Having considered the attractive attributes of SITs, some potential problems should be noted. The gain available is a
strong function of the parasitic gate resistance. It is estimated that gate contact resistivity would have to be less than 1 x 107
Q-cm? to produce usable gain above 2 GHz. Compared to the parasitic base resistance of homojunction bipolar transistors,
parasitic contact resistance can be reduced since base doping can be much higher. The base layer could be produced by ion
implantation of p-type dopant. Alternatively, the p-type gate could be replaced by a Schottky contact. A problem with this
approach is that sidewall metallization of the channel layer would be needed to control the potential effectively; it would be
difficult to control substantial charge flow using the edge fields generated by a totally horizontal gate contact.

An important issue affecting performance is the tradeoff between output-matching requirements for power and
maximum available gain. This problem is an important one and is treated in more detail in the section below. Simply put,
conjugate match at the output is required for maximum gain, while a different load impedance is most often required for
maximum power. The output conductance of a typical SiC SIT as determined from calculated current-voltage curves is
around 460 Q-pm normalized to the total source length. It is predicted that SiC SITs can give up to 1.8 W/mm power density
at 3 GHz at Vp = 100 V. The necessary current density would then be 1.8 mA/um and the load impedance needed to sustain
this voltage would be around 700 Q-pm. The difference in the output-matching requirements for power and gain will mean
that a compromise output impedance must be found to optimize performance. It will be problematic to relinquish gain in this
compromise; gain will already be at a premium for the reasons discussed above and will be further reduced from small-signal
values due to nonlinearity of the SIT and resulting gain compression. Accord

Copyright © National Academy of Sciences. All rights reserved.
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ingly, it may turn out in practice that operating voltage of low-frequency SITs in wide bandgap semiconductors will be well
below half the drain breakdown voltage. In contrast, the higher output impedance of FETs allow closer values of the gain and
power impedance levels.
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Figure C-6 Structure of the Junction Field Effect Transistor (JFET). Source: Clarke et al. (1993), Courtesy
Westinghouse, Inc.

Junction Field Effect Transistors

In a junction field effect transistor (JFET; Figure C-6), motion of charge is controlled by a junction gate placed on the
surface of the crystal in a space separating the source and drain contacts. The conducting channel is an n-type layer with
doping in the 10'7 cm™ range. Relative to the source, the drain is positively biased and the p-n junction forming the gate is
reverse-biased. When the gate voltage is modulated by an external signal, the thickness of the conducting channel varies,
thereby controlling the current flow to the drain. Power gain is obtained. Typical current-voltage curves are shown in
Figure C-7 for several temperatures.

The JFET is similar to the MOSFET operating in the depletion mode. Enhancement-mode operation is not possible in
the JFET since the gate would be forward-biased and would draw current, increasing power dissipation in the gate and
possibly introducing minority charge storage effects that would slow the frequency response of the transistor. An advantage
of the JFET compared with the MOSFET is that surface charge at the gate junction is absent. Current moves in a channel
region away from the possibility of surface scattering. A disadvantage in most semiconductors is that the low mobility of
holes adds a parasitic gate resistance that can reduce gain. JFETs have an advantage over MESFETs in that the gate metal is
further from the active channel. At high temperature and RF power the gate metal can diffuse into the semiconductor and
degrade the gate. JFETs could be more reliable.

The device structure shown in Figure C-6 requires that a semi-insulating substrate be positioned below the gate to limit
channel thickness. This can be a problem in wide bandgap semiconductors that do not have high resistivity substrates
available. An alternative is shown in Figure C-8 where the gate is an n-type epitaxial layer placed below the channel. The
channel is etched to a desired thickness and passivated with a surface oxide. This oxide must be high quality and, like the
MOSFET, cannot contain traps or extraneous charge that might cause backgating effects. Furthermore, the interface between
the oxide and the semiconductor must be free of scattering sites that would reduce the mobility of carriers.

Inverted JFETs have been fabricated (Kelner et al., 1987, 1989) from 3C-SiC on a 6H-SiC substrate. DC
transconductance as high as 20 Ms/mm was obtained, but the devices could not be pinched off (the drain current was brought
to zero by reverse-bias gate voltage). The transistors exhibited a high output conductance. In another experiment (Kelner et
al., 1991), 6H-SiC homo-epitaxial transistors gave DC transconductance up to 17 mS/mm and could be completely pinched
off with -40 V applied to the gate. DC transconductance decreased to 1.7 mS/mm at elevated temperature (400 °C) due to
decreasing mobility of electrons in the channel.

One problem with inverted JFETs in wide bandgap semiconductors is the presence of high built-in voltage
(approximately equal to the bandgap). The built-in voltage partially depletes the conducting channel even with no applied
gate voltage. For a given channel thickness, this lowers the maximum current available and reduces the effectiveness of short
gates in pinching off the channel. Another disadvantage of the inverted structure results from the extension of the gate layer
under the source and drain contacts. There is a resulting significant increase in gate capacitance, Cy. This can severely reduce
gain for a given transconductance, g, since f; is inversely proportional to Cy.

Metal-Semiconductor Field Effect Transistors

Relatively more attention has been paid to MESFETs than any other microwave device in wide bandgap
semiconductors. Goals for MESFETs under development include producing X-band power density three times that of GaAs
with power-added efficiency twice that of GaAs. DC operation of MESFETSs has been demonstrated by

Copyright © National Academy of Sciences. All rights reserved.
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many researchers over a range of temperatures up to 300 °C. Table C-1 summarizes room-temperature DC gain for various
FETs of SiC. Operation of MESFETs has been simulated and samples measured for small-signal gain up to 10 GHz.
Submicron gates have been used for SiC. Typical measured RF results are shown in Figure C-9.
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Figure C-7 Typical current-voltage curves for a JFET at various temperatures. Source: Palmour (1993), Courtesy of
Cree Research, Inc.

Measurements of power performance have been conducted by Westinghouse and Cree Research Incorporated. At
Westinghouse, MESFETs with frequency-of-unity maximum available gain of 5 GHz gave 2 W/mm at an operating
frequency of 1 GHz. Total output power was 1 W with a drain bias voltage of 75 V. At Cree Research Incorporated, 0.6
micron gate-length MESFETs of 6H-SiC had f; = 5.5 GHz and unilateral f,,, = 3.8 GHz. For this device, V4, =45 V and [ =
126 mA; device gate width was 340 um. Slightly better performance was obtained from MESFETSs on 4H-SiC for which f, .,
= 5.8 GHz at V4 = 20 V. One might expect that the lower operating voltage in the 4H case would result in increased f; and
that this would in turn result in higher measured f,,. It was found that f; was actually reduced, however. This indicates that
the improvement in f,,,, might be attributed to the higher mobility of the 4H-polytype and the resulting lower parasitic
resistance.

Impact Avalanche Transit-Time Diodes

GaAs IMPATT diodes have been developed in the last few years, emerging as the solid-state device giving the highest
power in the microwave and millimeter-wave frequency bands (Figure C-10). The wide bandgap semiconductors have the
potential to give higher power density and to operate at higher temperatures. To achieve a better view of this potential, this
section first describes the general features of the IMPATT diode and its operation.

Several material structures are possible for IMPATT diodes and are shown in Figure C-11. In its simplest form

T T T
R ] Gt donlaer DT

Figure C-8 Structure of an inverted JFET in SiC. Source: Palmour (1993), Courtesy Cree Research Inc.

Copyright © National Academy of Sciences. All rights reserved.
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(the single-drift diode), the structure (Masse et al., 1985) consists of a p™-n junction with an n* contact. Under reverse DC
bias, the electric field profile of Figure C-11 is established with the junction electric field sufficiently high to cause impact
avalanche breakdown in the region. The electrons generated at the junction drift toward the n* contact. If the current is
limited by a high impedance bias circuit, a steady current at the breakdown voltage is maintained. If, in addition, there is an
RF voltage applied, the peak voltage will generate a charge clump that moves across the n-type drift zone. The current
induced in the external RF load at the fundamental frequency will be 180 degrees out of phase with the RF voltage. Thus, an
effective negative resistance is established across the diode terminals at the operating frequency. In general, the drift region
length scales inversely with operating frequency in order to maintain the proper current-voltage phase delay.

TABLE C-1 Summary of Room-Temperature DC Gain for Various Field Effect Transistors of SiC

Material ~ Device/Mode Gate Length gm (mS/mm)  Channel Mobility Highest Operating
(um) (cm,/V's) Temperature (°C)

3C-SiC MOSFET/ 5 0.46 Low 650
Enhancement

6H-SiC MOSFET/ 7 2.8 46 450
Enhancement

3C-SiC MOSFET/Depletion 24 10 37 750

6H-SiC MOSFET/Depletion 5 2.3 21 450

6H-SiC MESFET 24 4.3 300 450

6H-SiC MESFET 0.4 30 — 23

3C-SiC JFET 4 20 560 23

6H-SiC JFET 5 17-20 250 627

SOURCE: Morkoc et al. (1994).

A simplified, equivalent circuit for an IMPATT diode embedded in a microwave circuit is shown in Figure C-12. The
capacitance results from the depleted drift region and the external RF circuit provides the inductance and the RF load. A
parasitic series resistance is included. When the circuit is properly tuned, the reactances cancel and a self-sustaining RF
current builds in the loop formed by the device and RF load. As the current grows, the diode negative conductance decreases
and voltage reaches a steady state when the net resistance around the diode circuit loop is zero. This is the condition for
oscillation. If the load resistance is increased to a point where oscillations do not occur, the diode acts as a reflection amplifier.

The parasitic series resistance depicted in Figure C-12 limits the device area and power. Compared to values in GaAs,
saturation resistance, R, is expected to be much larger in wide bandgap materials because of generally lower mobilities and
higher contact resistance. In terms of the circuit parameters defined in Figure C-12, the RF power output of the IMPATT is
given by

P = (112G} - |B*ROV. . (C.7)

where [B| = 2nfeA/Xp, f is the frequency of operation, e is the dielectric constant, A is the device active area, and Xy, is
the total thickness of the depleted active layer (Adlerstein and Moore, 1981). The voltage amplitude at the transistors
terminals is V. The first term in Equation (C.7) represents the power available from the intrinsic device and the second term
is due to I’R losses in the parasitic series resistance. The device admittance at constant current density and susceptance are
proportional to junction area while the series resistance is at best inversely proportional to area, decreasing more slowly than
1/A in most cases. Thus, as device area increases, output power passes through a maximum, eventually declining; it is
important that R; not be too large or negative resistance will not be obtained. High R, has an

Copyright © National Academy of Sciences. All rights reserved.
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increasingly damaging effect as frequency is increased. The susceptibility due to the output conductance is proportional to
frequency with B = 2nfCy, where Cy is the diode capacitance. The reduction of net negative conductance is proportional to B?
producing a strong frequency roll-off in power for an IMPATT of a given area. The problem of high R is compounded at the
large V¢ levels required for high power or saturated oscillator operation since |G| generally decreases with increasing V..

High parasitic resistance is a particularly troublesome, potential problem for wide bandgap semiconductors. In the past,
typical specific contact resistance for SiC n* material of 10'® doping range is around 1 x 10* Q-cm? and about 25 x 10
Q-cm? for p* at the same doping. Contact resistivity on n* material is relatively insensitive to temperature up to 400 °C, while
resistivity on p* layers decreases significantly due to increasing carrier density. Nevertheless such resistivities are two orders
of magnitude greater than for GaAs. Recently, researchers have reported contacts with an order-of-magnitude lower
resistivity for both p* and n* contact types. Efforts should continue to further reduce the contact resistance.

A more fundamental issue is the low carrier mobility of both electrons and holes in SiC. Experimental and theoretical
study will be required to determine the best combination of material and contact parameters for best performance.

At a given frequency, power density of an IMPATT diode is determined by its operating voltage (roughly the same as its
reverse breakdown voltage corrected for space-charge effects) and the maximum temperature that can be tolerated at the
junction without performance degradation or reliability problems. The maximum operating temperature usually dictates the
upper bound on current in continuous-wave operation. When the diodes are operated in the pulsed mode, power density can
be considerably higher since heating is truncated at the conclusion of the pulse and the IMPATT has an opportunity to cool
between pulses. For very short pulses, a current density limit is eventually reached where space-charge effects degrade the
performance. Power limitations in the pulsed mode can be overcome by using more sophisticated doping profile designs.

One such design of particular importance for silicon and GaAs is double-drift Read structure (Figure C-11). It is
worthwhile to inquire if IMPATTSs of wide bandgap semiconductors would benefit from such designs. In a double-drift Read
diode, there is a drift region for the holes as well as for the electrons. There is also a doping spike on either side of the
junction that abruptly decreases the electric field in the drift region to confine the avalanche zone to the region near the
junction. This results in increased efficiency since a higher fraction of the applied bias voltage is used to pull charge through
the drift zones. The operating voltage of a double-drift diode

3 —
T
24 -

L. Bus
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Figure C-9 Measured small-signal current and unilateral gain for SiC MESFETs. Source: (a) Hobgood (1993),
Courtesy Westinghouse; (b) Palmour (1993), Courtesy Cree Research, Inc.
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Figure C-10 IMPATT diode performance compared with projections for wide bandgap semiconductors. Values at
points are DC-RF power conversion efficiencies. Source: Trew et al. (1991), © 1991 IEEE.

is roughly 60 percent higher than for its single-drift counterpart. Accordingly, double-drift IMPATTs have a higher
power density for a given current density. Furthermore, the two drift regions act as capacitors in series, resulting in a decrease
in junction capacitance per unit area by nearly a factor of two. Thus, device area can be doubled with a resulting increase in
power at a given power density.

Given these basic elements for the operation of IMPATT diodes, and ignoring potentially high parasitic series resistance,
the wide bandgap semiconductors provide interesting possibilities. SiC has potential for high power density in IMPATT
operation due to the high breakdown voltages that can be achieved. Electron drift regions for SiC could be longer for a given
frequency than for GaAs due to the higher saturated velocity (2 x 107 ¢cm/s) in SiC. Of course, it would be necessary for the
higher velocity to persist at elevated temperatures. There would be a decrease in the capacitance per unit area resulting from
the longer drift region, and this capacitance would be further decreased by the lower dielectric constant of SiC. Larger-area
diodes would be possible.

Double-drift IMPATT diodes could be fabricated using SiC, but these diodes would not have equal thickness of electron
and hole-drift regions as in GaAs since the saturated velocity of holes is quite low (0.2 x 107 cm/s in 6H-SiC and 1 x 107 cm/
s in the 3C polytype; Trew et al., 1991). Such diodes have been modeled by Trew et al. (1991), who predict the possibility of
SiC IMPATTS in the range of 20 to 30 GHz giving about 4 W RF power with 15-20 percent DC-to-RF conversion efficiency.

According to the simulation, the efficiency of SiC devices would be poor compared to IMPATTs of GaAs above 40
GHz (Figure C-10). Low efficiency would offset the advantage of higher thermal conductivity of SiC. The low predicted
efficiency for double-drift SiC IMPATTSs seems to result not only from assumed high values of parasitic series resistance but
also from the high DC-bias voltage needed to sustain avalanche breakdown. These voltages range from 517 V for 35-GHz
diodes to 236 V at 94 GHz. Compared with this, RF voltage swings predicted in the simulations are small (~ 80 V at 45
GHz). Such small terminal voltage swings are associated with low efficiency that is given in the large-signal limit
approximately by

b= 0.72(V/Va) , (C.8)

where h is the DC-to-RF conversion efficiency and V. is the operating voltage neglecting parasitic series resistance
(Masse et al., 1985). From Equation (C.8) one finds h = 14 percent.

In order to predict the performance of SiC IMPATT diodes more accurately, numerical simulations should be extended
to larger signal. It should be determined if net negative resistance is still available given that the diode conductance
magnitude varies roughly as |G| ~ 1/V ;. Predictions of higher efficiency might result if higher

Electne Fiaid
/ Diepeng concantrabos, ol

Chsdmrca ram prcsen

High dapeg
irfrat svalancho

H""ﬁ- F.)
P" \
[
n
l . n
Figure C-11 Material structures and electric field profiles possible for IMPATT diodes. Clockwise from upper left:
single-drift flat, double-drift flat, single-drift Read, double-drift Read.
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current densities were used in the simulations since resulting values of |G| would be higher.
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Figure C-12 A simplified equivalent circuit for an IMPATT diode embedded in a microwave circuit.

It is clear that there are some fundamental problems relating to the usefulness of SiC IMPATTs. The devices are
complex, and there are many interacting factors to consider. Currently, research is being conducted on SiC IMPATTs.
Performance goals at 35 GHz are 12-W continuous-wave with DC-to-RF conversion efficiency of 15 percent. As of this
writing, no RF results have yet been published.

Diamond is another wide bandgap semiconductor with potential utility for IMPATT diodes. Diamond has the advantage
of electron and hole mobility relatively higher than that of SiC. High operating voltages would be needed at a given
frequency because of the low (= 5.5) relative dielectric constant and the high values of avalanche breakdown fields. The high
thermal-conductivity of diamond compared with all other wide bandgap materials allows for increased ambient temperature
at a given power dissipation at the junction. It was predicted by simulation that diamond IMPATTs have superior RF output
power up to 100 GHz when compared with silicon and GaAs (Trew et al., 1991). At 100 GHz, 1.5-W power at 10 percent
power-added efficiency is predicted for a double-drift diamond IMPATT. RF performance is predicted to degrade above 100
GHz due to the finite extent of the avalanche region that becomes comparable to the drift-region thickness.

One issue complicating the use of diamond in pulsed operation is the high activation energy of its acceptors (350 mV for
boron) and possible donors. There would be a fairly strong temperature dependence of carrier concentration in the contact
and drift regions that would vary over the length of a pulse. This effect, coupled with the relatively short thermal time
constants for diamond could result in time-varying power output. Another issue relevant to diamond is whether suitable n-
type dopant can be found to construct double-drift IMPATTs. Alternatively, p-type layers could be used in single-drift
structures. This would not necessarily be a disadvantage for performance since hole-saturated velocity is 107 cm/s, a value
twice as high as for holes in GaAs. The saturation electric field for holes is around 20 kV/cm in diamond.

A question that relates to all of the devices considered above is whether they offer an advantage over existing devices
other than the potential operation at temperatures higher than possible with GaAs or silicon. If modest performance is
acceptable at elevated temperatures and the main issue is reliability and the simplification of system heat-sinking
requirements, then SiC IMPATTs could be useful. On the other hand, it would be desirable to develop the full potential of
diamond IMPATT diodes since they offer performance superior to that from SiC.

EXPECTATIONS FOR WIDE BANDGAP MESFETS

Of all the microwave devices using wide bandgap semiconductors, MESFETs have received the most attention from
researchers. MESFETs do not require a high-quality oxide for fabrication, and it is relatively simple to apply micron and
submicron gates to the surface of crystals. Ideally, semi-insulating substrates are required, but p-n junctions can be substituted
to fabricate devices for testing. Researchers have reported 6H-SiC devices with 0.6-um gate lengths that had room-
temperature DC transconductance of 25 mS/mm and exhibited 14 dB small-signal gain at | GHz despite high parasitic source
resistance (Palmour et al., 1991, 1993). A power density of 4 W/mm and a total corresponding output power of 65 W is
predicted at 10 GHz (Trew et al.,

Copyright © National Academy of Sciences. All rights reserved.
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1991). At the present time, demonstrated performance falls far short of predictions.

Predictions of performance have been based on elaborate numerical models of MESFET operation. To bring the issues
into better focus, it is useful to consider the problem in simpler terms using analytical models in which parameters are
normalized to materials properties (Shur, 1987). The first objective is to calculate current-voltage characteristics for
MESFETs of various materials. These can then be used to estimate power and efficiency from an assumed DC load line and
make comparisons. It is more difficult to calculate gain from these simple models, and for this it is necessary to rely on more
elaborate time-dependent modeling. Alternatively, gain can be estimated from equivalent circuit models that take into
account parasitic resistance and reactance. Expected transistor-operating temperature rise can then be considered in
conjunction with gain predictions.

In addition to affecting gain, parasitic resistance can have a profound effect on the current-voltage curves, so this section
first considers the intrinsic MESFET, in which behavior depends on the basic velocity versus electric field characteristics.
The following analysis is concentrated on SiC as a prototype for all wide bandgap semiconductors. Later sections consider
the special properties of other materials.

Current-Voltage Curves

Intrinsic MESFETS fall into three possible regimes, depending on whether or not velocity saturates with drain bias in the
channel before pinch-off occurs. The key parameter is a = F,L/V,, where F; is the field at velocity saturation, L is the
channel length, and V,,, is the intrinsic pinch-off voltage given by

po>

Ve = qNX72¢) (c.9)

where q is the electronic charge, N is the channel ionized donor density, X, is the thickness of the channel layer, and e
is the material dielectric constant. The parameter a is a measure of the relative importance of velocity saturation and channel
pinch-off in determining the drain voltage at which the drain current saturates. Velocity versus field curves indicate that the
velocity of electrons in SiC saturates at 8 x 10* V/cm, considerably higher than silicon or GaAs. From its value of a,
MESFETs of each material can be represented in parameter space with the axis consisting of channel doping and gate length
as shown in Figure C-13. The boundary labeled a = 0.33 separates a region (to the left of the line) where current saturation
with applied drain voltage results from electron-velocity saturation in the channel. Below the line labeled a = 3, current
saturation results because the channel pinches off at its drain end due to voltage drop along the channel. Simple analytical
models for the MESFET are available for these two cases, while the region between the boundary lines requires a more
detailed treatment. Assuming 0.5-um gates are used, Figure C-13 shows that silicon and GaAs can both be well represented
by the assumption of velocity saturation. This is also the case for SiC if the channel doping is held above 3 x 10'7 cm=. A Ny
value commonly used for analysis is 2.5 x 10!7 ¢m3, and it would be a reasonable approximation to assume the velocity-
saturation model for SiC. In contrast, GaN requires a higher electric field for electron-velocity saturation (150 kV/cm) so that
shorter gates or higher channel doping is required to saturate electron velocity.

In the cases of GaAs, silicon, and SiC, channel saturation can be assumed and the equations describing the current-
voltage curves for the MESFET can be written in dimensionless form (Sze, 1969) with all applied voltages normalized to V,
and the drain current normalized to g,V,,, where

B = quNpX.WIL . (C.100

Ta

ED

540

4.0

340

Crares Deplsg (10" em Yy

Figure C-13
'a’ contours for MESFETs of silicon, GaAs, silicon carbide, and gallium nitride.

Copyright © National Academy of Sciences. All rights reserved.
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Figure C-14 Calculated locus of drain-current saturation for (a) silicon carbide, (b) silicon, and (c) GaAs (with and
without parasitic series resistance).

In Equation (C. 10), L is the gate length (typically 0.5 um) and W is the gate width (typically 1 mm). The
transconductance of the intrinsic MESFET is also independent of the details of the material but is normalized to g,. The gate
bias, u,, is shifted by the built-in voltage and normalized to the pinch-off voltage:

u =V, - VoV, . (c.11)

where Vy,; is the built-in Schottky barrier voltage and V, is the applied gate voltage. According to Equation (C. 11), large
built-in voltages typical of wide bandgap semiconductors offset the effect of applied gate voltage by partially depleting the
channel at zero applied-gate bias.

Table C-2 summarizes the results of the model in which parameters are calculated for typical design values for three
materials and a 0.5-um gate length. Included in the lower portion of the table are assumed and calculated parasitic resistances
based on an N* contact doping density of 5 x 10'® cm™. Chosen dimensions for the electrode spacings are shown in the table.
These dimensions would be typical of test devices made with standard processing technology.

From the modeled values in Table C-2, the saturated drain current and associated drain voltage can be calculated.
Modeled saturation curves are shown for the three semiconductors in Figure C-14. For each semiconductor, two current
saturation curves are shown: (1) the intrinsic saturation in the absence of parasitic resistance and (2) the extrinsic saturation
using typical values of parasitic resistance. Points on these curves can be reached by varying the gate bias on the MESFET
and increasing the drain bias until current saturates. A few familiar typical current-voltage curves at constant gate bias are
shown for reference.

A noteworthy feature of the I-V curves is that I, the maximum channel current at V, = 0, is similar for SiC and the
other materials even though the saturation velocity of electrons in SiC is greater. This is so because the built-in voltage from
the gate contact is higher for the large bandgap material. The precise value of this voltage depends on the Schottky metal used
for the gate, but it is assumed here that the voltage is equal to about one-half the bandgap voltage in each case. In operation,
higher peak currents can be obtained for all materials by driving the gate somewhat into forward bias. This is not
recommended since doing so often has reliability implications. Another option for increasing the maximum current in SiC
would be to use heavier doping levels. This would reduce breakdown voltage but would have the added beneficial effect of
reducing the parasitic resistance

Copyright © National Academy of Sciences. All rights reserved.
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between the gate to the source and drain electrodes respectively. The limits of doing this for SiC should be explored in
experimental studies.

TABLE C-2 Assumed and Calculated MESFET Current-Voltage Model Parameters

SiC Silicon GaAs
Channel doping (cm?), Ny 2.5 x 10" 2.5 x 10" 2.5 x 10"
Gate width (mm), W 1 1 1
Active layer thickness (um), X, 0.2 0.2 0.2
Gate length (um), L 0.5 0.5 0.5
Mobility (cm?/Vs), u 250 600 4,000
Relative dielectric constant, e 10.0 11.8 12.8
Gate built-in voltage (V), Vy; 1.63 0.50 0.70
Intrinsic pinch-off voltage (V), V,, 9.0 7.9 7.1
Intrinsic transconductance (S), g, 0.4 1.0 6.4
Electron saturated velocity (cm/s), V 2.0 x 107 1.0 x 107 0.6 x 107
Velocity saturation field (V/cm), F 8.0 x 104 1.7 x 10* 0.35 x 10*
Channel saturation parameter, o 0.45 0.11 0.02
Metal contact resistance (Q-cm?) R, 10.0 x 10°° 1.0 x 10 1.0 x 10°
N* layer sheet resistance (Q/00), Ryq 843 100 25
Transfer length (um), L, 1.1 1.0 2.0
Net contact resistance (Q2), R, 1 pm contact length 1.3 0.13 0.11
Source-gate access resistance (), Ry, 0.5 um gate-source spacing 2.5 1.0 0.16
Gate-drain access resistance (Q), R,y 1 pm gate-drain 5.00 2.08 0.31

SOURCE: Morkoc et al. (1994).

A comparison of the curves in Figure C-14 shows that the saturation voltages for SiC are much higher than for GaAs or
silicon and that at high currents this is dominated by the effects of parasitic resistance. Even if parasitic resistance could be
reduced to zero, drain current at saturation would still be an order of magnitude greater for SiC than for GaAs. This is due to
the higher electron saturation fields for SiC.

When the saturation voltages are high, higher DC bias voltages must be used to obtain efficient RF amplification.
Fortunately, such voltages can be achieved in wide bandgap semiconductors. For the purpose of further modeling of this
effect, Figure C-14 defines saturation resistance, R, as an effective lower bound for the drain voltage during high-frequency
operation when the peak current is near saturation.

Because of its importance in determining the current-voltage characteristics for the MESFET, it is worthwhile to
consider the origin of the parasitic resistance in SiC in order to identify the technological problems to be solved.

Figure C-15 shows a simple model for ohmic contact and channel resistance contributions to MESFET source
resistance. The specific contact resistivity is represented by resistors in parallel while the resistance of the material
underneath the contact conducts increasing current density

Cortnct rasstarce
|
L

[

HEEEE!
gt

!

Shat Rasaeancs Rasistance 1o Channel
umcier contsct Ohmisg
Ohmalsg

Figure C-15 ">A simple model for ohmic contact and channel resistance contributions to MESFET source
resistance.

Copyright © National Academy of Sciences. All rights reserved.
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toward the MESFET channel. It can be shown from this model that the contribution of the contact to the resistance in ohms is
given by

Corimct Lesngth fom)

Figure C-16 ">Contact resistance calculated as a function of contact length for three materials. ">Source: Palmour
et al. (1993).

R, = (ZM"W) coth(LfL) , {C.12)

where Z=(r.Ry)!"”? and Lt=(r/Ry)"* with r, being the specific contact resistivity (in units of Q-cm? while W is the
contact width in centimeters) and R, being the sheet resistance of the contact layer in Q/square. For a contact of length L > >
L,, further increase in L does not result in a decrease in contact resistance. In this limit, contact resistance is approximately
given by R, = Z/W. This is illustrated in Figure C-16 where contact resistance is calculated as a function of contact length for
three materials, assuming published values of mobility (Rahman and Furukawa, 1992; Palmour et al., 1993) and n-type
doping of 5 x 10'® cm™. In Figure C-17, contours of Z and L, are plotted on the r-Ryq plane. Typical points for GaAs, silicon,
and SiC are included in the figure. For particular transistors where L > > L, the product R,W can be read directly as Z in the
figure. It can be seen that both GaAs and SiC benefit by making the contacts larger than 1 pm long. Note that in technology
development, it is proper to concentrate efforts on both reducing contact resistivity as measured in Q-cm? as well as reducing
semiconductor layer resistivity.

If contacts are to survive elevated temperatures, refractory metals must be used. Contact resistivities at elevated
temperatures are given for refractory metals in Table C-3 (Shur et al., 1993). These values are considerably higher than that
assumed for the 25 °C analysis. There will be a corresponding increase of the saturation voltage in the current-voltage curves.
Also contributing to the saturation voltage at elevated temperatures is the fact that at doping concentrations typical of
MESFET channels (2 to 5 x 10'7), mobility will decrease as temperature increases beyond 25 °C (Goetz et al., 1993; Shur et
al., 1993). The increase is due to increasing phonon scattering. One difference between the wide bandgap semiconductors
compared with GaAs and silicon is the larger optical phonon energy in the wide bandgap material. This difference implies a
less rapid drop-off in mobility in the wide bandgap case, which might be viewed as an advantage. The increase in saturation
voltage with increasing temperature will effect the power performance of the MESFET but, as discussed later in this section,
will have a much greater effect on the gain and efficiency of the transistor.

Power And Efficiency

From the predicted current-voltage relationships for various materials, power performance of MESFETs can be
compared. Amplifier operation is described by the switching of current from the drain supply alternately through the
MESFET and the external load. The voltage at the gate supplied by the power source modulates the saturated current of the
channel. In this process, the point on the current-voltage plane representing the instantaneous state at the MESFET drain
moves along one of the trajectories (loadlines) shown in Figure C-18. Class A operation, for which highest power is obtained,
is illustrated. The loadlines in the figure are appropriate to conditions of maximum RF input power level such that the gate is
not driven into forward conduction or reverse breakdown at any point in the RF cycle. The output power is then area-bounded
by the I-V axis and the trajectory. In some computer numerical simulations, overdrive of the gate is allowed along with
nonlinearities and resulting harmonics resulting in prediction of higher power densities. However, for simplicity and
emphasis of the main points, this possibility is disallowed in the present analysis.

A set of parameters can be defined that can be used with the current-voltage curves to model expected power and drain
efficiency of the transistor from knowledge of

Copyright © National Academy of Sciences. All rights reserved.
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the DC bias voltage and the saturation resistance, Ry (Adlerstein and Zaitlin, 1991). The model variables for power output are
independent of material when they are normalized to parameters characteristic of the bias point and the current-voltage
curves. External load resistance (r; = 1/g;) is normalized to R, drain current is normalized to Iy = Vpc/2R, and power is
normalized to F. = Wau#2ZR) . Calculated values for these parameters obtained from the power model are shown in
Table C-4. MESFET size is taken to be 480 pm, similar to that used in large numerical simulation (R.J. Trew, personal
communication, 1994). It is seen from the characteristic power P that some of the advantage of higher operating voltage in
SiC is mitigated by the accompanying higher value of R. Nevertheless, Vpc can still be made high enough to give a power
advantage to SiC.

In Table C-4, an upper bound on the operating voltage is used, obtained from the breakdown electric fields for SiC,
silicon, and GaAs using the equation

where E_, is the critical electric field at junction. For GaAs, the gate to drain breakdown, Vy, is often higher due to Gunn
domain formation near the drain end of the gate. For comparison in Table C-3, however, the operating voltage is (Vy-Pgl4)/2,
which is traditionally chosen to maximize the power and efficiency of MESFETs. Likewise, I3, = I4/2 was chosen to
maximize the area bounded by the I-V trajectory. SiC MESFETs of two designs are listed in Table C-4. The case in the
second column is taken to have channel doping of 2 x 10!7 as assumed for the MESFETSs of the other materials. For this 480-
um-gate-width MESFET, output is around 3.9 W, ten times higher than the power available from the comparable GaAs
MESFET in the table.

To realize the high-power level predicted for this SiC design, high RF voltage amplitude is needed, and this implies that
high output impedance is required. The passive microwave circuits needed to achieve these impedances could be narrow band
or loss (Vandelin, 1982). Furthermore, available substrate material may be leaky and result in a relatively high output
conductance for the transistor. Output conductance is further increased by gradual saturation of electron velocity in the
channel. A high output conductance would imply that a low value of load resistance would be required for a conjugate match
condition giving maximum gain. This is a condition in conflict with maximizing power. Making the transistor larger to
reduce the power-load impedance would not diminish the ratio between the gain match and power match since both would
scale with device size. Gain would already be diminished by the high parasitic source resistance in a SiC MESFET through
which gate charge must be provided by the microwave exciter during the RF cycle.

The discrepancy between power match at high operating voltage and gain match for SiC appears to be common to all the
wide bandgap materials due to their characteristically high parasitic series resistance and high saturation voltages.
Compromises must be found to optimize the load. The situation is illustrated schematically in Figure C-18. At low bias
voltage, loadline "A" gives maximum gain while loadline "B" gives maximum power. At a higher bias-voltage loadline, "C"
maximizes both gain and power (assuming device output conductance is not different at this bias). At the highest applied
voltages, the load resistance for maximum power can become too high and there will be excessive mismatch at the output
resulting in reduced gain. The discrepancy in required load impedances for power and gain could account for the less-than-
optimum results reported for power tests in discrete devices of wide bandgap material; tuning, operating voltage, and
operating current must all be compromised in the test.

One way to decrease the power-load resistance at a given bias voltage is to increase Iy, and reduce the

A =EenAn

2 =1q W\
EE 4 1.3 Db
-

+
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Figure C-17 ">Contours of constant Z plotted on r.-Ryq plane. ">Source: Rahman and Furukawa (1992), ©1992
IEEE.
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operating voltage of the transistor. This will result if higher channel doping is used as shown in the first column of Table C-4
for the case where Ny is increased by a factor of two to 5 x 10'7 cm™. This change increases I4 by about a factor of two. The
DC bias voltage is reduced by a factor of two as necessitated by the lower gate drain breakdown voltage at the higher doping
level. The design change decreases the power load by a factor of four, bringing it into the range needed for GaAs devices of
comparable size. Power density is now around 4.3 W/mm. As expected, the change in doping reduces the drain efficiency
compared with the former SiC case from 46 percent to around 37 percent. This is due to the high saturation resistance of SiC
despite a decrease in the channel access resistance since there is still a high knee voltage at the increased I . The power
added efficiency will decrease only slightly since the gain (taken to be 8 dB and 10 dB respectively) at full power should be
higher due to the improved match achieved with the power load (Trew et al., 1991). In the detailed design of wide bandgap
MESFETs, tradeoffs between the parameters discussed above should be taken into account to optimize performance.

TABLE C-3 Listing of Several Refractory Metallizations on SiC and their Contact Resistivities

Material  Type  Metal Doping Density (cm~)  Contact Resistivity Maximum Useful
(Q-cm?) Temperature (°C)

3C-SiC n Ti/TiN/Pt/Au 106107 1.2 x 104 650

3C-SiC n W/Pt/Au 10'6-107 1.5x 10 650

6H-SiC n TiN 1.6 x 10'8 4 %1072 550

6H-SiC p 3C-SiC/Al/Ti  1-3x10'® 2x10° <450

6H-SiC p Al/Ti 2 x 10" 1.5 x 103 <450

SOURCE: Shut et al. (1993).

Figure C-18 ">Representation of current-voltage curves for a MESFET and typical loadlines for Class A operation.

Mesfet Gain

Up to this point, this appendix has considered the relationship between output power and the current-voltage
characteristics of SiC MESFETs compared with silicon and GaAs. Parasitic series resistance was found to be detrimental to
drain efficiency, but high power density could still be achieved given the possibility of operating at high bias voltages. To
make SiC MESFETs useful, high gain in addition to high power must be achieved.

Gain, defined as the ratio between RF input and RF output power, is a decreasing function of frequency. The frequency
response of the basic MOSFET under small-signal conditions is represented by the equivalent circuit shown in Figure C-19
(Englemann and Liechti, 1977). To a good approximation, at X-band and below, the input resistance, R;, is given by

R =R® +R, +R,, (C.14)

where R is the intrinsic channel resistance, R, is the parasitic gate resistance, and Ry is the parasitic source resistance.
The drain resistance, Ry, is explicitly shown to conform with the reference plane for the DC current-voltage curves.
The frequency for unity current gain, f; is given by

f, = g /(27C) = L/(27=1) , {C.15)

Copyright © National Academy of Sciences. All rights reserved.
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TABLE C-4 Assumed and Calculated MESFET Power Model Parameters

SiC SiC Silicon GaAs
DC bias voltage (V), V4. 32 75 4 8
Saturation current density (A/mm), Ly, 0.96 (N4 =5.0 x 107) 0.48 (N4 =2.5 x 10'7) 0.3 0.41
Specific saturation resistance (Q-mm), R, 9 14.5 5 0.9
MESFET gate width (mm), Z 0.48 0.48 0.48 0.48
Gated saturation current (A), Iy 0.461 0.230 0.144 0.197
Saturation resistance (Q2), R 18.8 30.2 10.4 1.9
Load conductance (S), g; 0.010 0.002 0.029 0.013
Load resistance (Q2), r; 101 590 35 78
Model parameter, g;R; 0.185 0.051 0.300 0.024
Drain efficiency, Egy 0.365 0.454 0.313 0.477
Model parameter (W), Py 273 93.1 0.77 17.1
RF power delivered to load (W), Pg;, 2.7 3.9 0.1 0.4
Drain current (A), Iy, 0.231 0.115 0.072 0.098
Dissipated power (W), P; 4.68 4.72 0.20 0.41
Thermal conductivity (W/cm-°C), Cy, 5 5 1.5 0.5
Channel temperature Rise (°C), DT 63.5 63.9 9 55.5
Gain (Db), G 10 8 10 10
Power added efficiency (%), PAE 0.329 0.382 0.281 0.429

SOURCE: Shut et al. (1993).

where C, is the gate-to-source capacitance, gy, is the MESFET transconductance, and t, is the transit time under the
gate. Potentially, f; is higher in SiC where the saturated velocity is greater than GaAs, particularly at drain voltages just above
the saturation value. At the high bias voltages required for efficient and high-power microwave operation, SiC frequency
response is expected to decrease. This results since the effective gate length should include a distance beyond the gate where
the channel is depleted due to the applied drain voltage. Despite the potential of SiC, measured values of f; so far have been
much lower than expected. The reason for the discrepancy is not known. It might be speculated that the presence of traps in
the material, particularly between the gate and drain contacts, might significantly increase the charging time of the gate.
Alternatively, the surface between the contacts may charge through high resistance and not be responsive to high-frequency
voltages. Such effects would not be evident in the DC I-V curves but could be revealed by pulsed I-V measurements as they
have been for GaAs MESFETs (Platzker et al., 1990).

¥ =g ™

Figure C-19 ">Small signal equivalent circuit for a MESFET. ">Source: Englemann and Liechti (1977), © 1977
IEEE.

Given a value of f,, one can utilize as a gain figure of merit the unilateral gain U = (f,,,/f)>. In terms of the equivalent
circuit of Figure C-19, f,,, is given by

fow = G2IRGL + 27fR,CI7} . (C.16)

Equation (C.16) shows how parasitic series resistance reduces gain.
Compared with GaAs, Gy (the output conductance) is larger in SiC where substrate leakage can be greater and the rate
of velocity saturation is lower. Furthermore, the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/5023.html

[}
>
=
=
[}
o
©
]
X
®
[}
o
0
()
(o))
©
o
»
Qo
C=
()]
£
&=
=
(0]
[72]
[}
[oN
>
Z
T
£
=
2
(@]
[}
<
£
£
o
=
=
o
[
~
(]
o
0
-
[0}
Q
®©
o
©
£
=2
2
o
(]
ey
£
€
(]
o
=
©
]
2
®
[
o
o
2]
o
=
—
s
<
£
(]
o
=
©
(]
[72]
(]
Q.
€
(]
[&]
[}
o
[
[}
(5}
Keo]
2]
©
°
-
=
o
2
T
£
=2
2
(@]
0]
ey
=
Z
]
C
S
2
©
o
C
(]
(2]
(]
o
Q.
[}
o
I
=
=2
©
2
(]
C
@
Ny
'_
o)
=
L.
a
o
@
ey
=
=
>
o
Q
<

and other typesetting-specific formatting, however, cannot be retained, and some typographic errors may have been accidentally inserted. Please

to the original; line lengths, word breaks, heading styles

use the print version of this publication as the authoritative version for attribution.

jconductor Devices

APPENDIX C: HIGH-TEMPERATURE MICROWAVE DEVICES 113

parasitic source resistance in SiC is considerably larger than for GaAs with comparable dimensions. Thus, if SiC is to exhibit
gain comparable to or higher than GaAs, f; would have to be much higher. This might imply limitations on the drain voltage
and resulting limitations in power. The situation regarding gain is quite complicated, involving both fundamental material
properties and technology issues. It is concluded that the ultimate frequency response of SiC MESFETs must be established
by experiment.

T0 0 s mansianes o 650 mmi

| Demoraraes ey
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Figure C-20 ">Contours of constant temperature rise in the GaAs MESFET channel. ">Source: Wemple and Huang
(1982).

Thermal Properties Of SiC MESFETSs

SiC has a thermal conductivity approximately ten times that of GaAs. This section attempts to explain, based on simple
models, whether or not the higher thermal conductivity of SiC offers a performance advantage. The section also shows plots
of the available experimental data relative to these predictions. To determine the performance advantage, it is noted that the
temperature rise of MESFETs depends on the power dissipation and the thermal resistance of the transistor. The temperature
rise in the channel can be expressed in terms of the output power, gain, and power-added efficiency according to AT = qg,Pg;s,
where Py is given by Equation (C.2). Contours of constant temperature rise in the channel are plotted in Figure C-20 for
GaAs and in Figure C-21 for SiC. For comparison, gain is taken to be 10 dB for which the dissipated power due to the RF
input is negligible. The thermal resistance normalized to total gate width for GaAs MESFETs is estimated to be around 65 °C/
W-mm, while that for SiC is reduced in proportion to the thermal conductivity of the material and is taken to be 6.5 °C/W-mm
(Wemple and Huang, 1982). Consider first the GaAs contours. As power density increases, drain efficiency must increase to
maintain constant operating temperature rise. The example cited in Table C-4 predicts the power point in the figure for Class
A operation. The range of experimentally demonstrated results from a literature survey is seen to bracket the example in both
power and efficiency (Huang, 1993). Typical transistors show a temperature rise of 50 °C or less, indicating that GaAs
MESFETs are electronically limited by available drain current and voltage rather than thermally limited. Reducing the
thermal resistance of GaAs MESFETs may have a slight beneficial effect on the performance of the transistors due to higher
mobility, higher electron-saturated velocity, and lower leakage currents at lower temperatures, but it is not expected to be a
major benefit.

For SiC, the constant temperature rise contours are plotted in Figure C-21. Note that for a given temperature rise, higher
power densities and lower drain efficiencies are allowed. Plotted on this graph are the calculated power and drain efficiencies
from column 1 of Table C-3, the prediction of the model of Trew et al. (1991) for 6H-SiC, and the experimental result of
Westinghouse (Clarke et al., 1993). In all cases, the temperature rise is very modest—less than 80 °C. The committee's
conclusion is that as for GaAs, the SiC MESFETs are electronically limited but benefit from the higher thermal conductivity
of the material in that the transistors can be pushed to higher power density even with relatively low efficiency without
thermal consequence.

Wide Bandgap Mesfets At Elevated Temperatures

Silicon Carbide

Although the foregoing discussion focuses on comparison of GaAs MESFETs with SiC, the major conclusions would
apply to a number of other wide bandgap materials, such as GaN and diamond, where low mobility and high contact
resistance exist to some degree. In the analysis above, the values for these parameters were taken, optimistically, as those
observed at 25 °C. As the channel temperature increases, mobility decreases. This is illustrated in Chapter 3 in Figure 3-1 as
calculated for elec

Copyright © National Academy of Sciences. All rights reserved.
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trons in undoped 6H-SiC and 3C-SiC (Shur et al., 1993). In going from 25 °C to 200 °C, the mobility of 6H-SiC decreases
from 420 cm?/V's to around 120 cm?/V-s. The room-temperature mobility is expected to be lower (~250 cm?/V:s) for SiC
doped in the 10'7 cm™ range where impurity scattering is important. This is particularly true for compensated or poorly
activated material. Above room temperature, phonon scattering dominates and the value of mobility at 200 °C is expected to
be about 100 cm?/V's more or less, independent of doping (Goetz et al., 1993).

In the foregoing MESFET analysis, the lowest reported values of contact resistance is used. At elevated temperatures,
refractory metals would be required. Those demonstrated so far, which would be useful at the highest temperatures, would be
expected to have resistivities well above 10°W-cm?. Continuing efforts are required to lower the contact resistance of
refractory metals.

Gallium Nitride

Gallium nitride is an alternative candidate for high-temperature MESFETs. GaN MESFETs have been reported in the
literature with a 0.6-pm-thick channel layer (Khan et al., 1993). Channel doping was 10'7 cm™ and with a gate length of 4
um, a DC transconductance of 23 mS/mm was obtained. This material is promising because it has a higher mobility than SiC.
Like GaAs, GaN has a region of negative differential mobility with quite a high peak electron velocity at 2.3 x 107 cm/s and a
high saturated velocity at around 1.4 x 107 cm/s. At 200 °C, electron mobility is twice that of SiC at the same temperature
(Figure 3-2 in Chapter 3). The saturated velocity of the material is unchanged, although the peak velocity decreases steadily
(Shur et al., 1993). The committee concludes that the projected gain and efficiency of GaN MESFETs will be slightly higher
then their SiC counterparts at elevated temperatures once refractory metals are used.

In an analogy with HEMT design, one option suggested for GaN is the use of alloy and heterojunction material to
improve the performance of FETs at elevated temperatures. SiC can be used for substrates upon which to grow hetero-
epitaxially GaN or alloys containing aluminum or indium. The thermal conductivity of SiC is about 3.8 times as large as GaN
so that MESFETs made from hetero-epitaxial material could have higher power dissipation density. Another option is to
fabricate "high electron-mobility" transistors by creating a two-dimensional electron gas at the interface between GaN and
AlGaN (Figure C-22). The doping level of the conducting channel can be reduced to a minimum. This could improve
mobility in the channel, provided temperatures were not so high that phonon scattering dominated. A heterojunction FET
similar in size to the MESFET described above was fabricated with a GaN channel and an AlGaN cap layer (Khan et al.,
1992). A DC transconductance of 28 mS/mm was obtained. Further experimental work would be required to assess the
potential of heterojunction MESFETSs in nitride systems. The usefulness of AIN in homojunction or heterojunction transistors
should be determined by continuing experimentation.

Diamond

This section considers prospects for diamond MESFETs. Diamond has many favorable properties. At 25 °C, electron
and hole mobility, at least in undoped single crystals, are considerably higher than for the other wide bandgap materials. The
material has a high breakdown electric field and a high associated avalanche breakdown voltage. Diamond has a low
dielectric constant that minimizes parasitic capacitance associated with electrodes and depleted layers. It has a saturated
velocity for electrons of around 2.7 x 107 cm/s from which potentially high values of f; should be obtained. For example, f; ~
100 GHz should be possible with breakdown voltage of several hundred volts (Geis et al., 1987). If MESFETs
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Figure C-21 ">Contours of constant-temperature rise in the SiC MESFET channel. ">Source: Wemple and Huang
(1982).
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can be fabricated in n-type diamonds, high-frequency performance better than that predicted for SiC could be obtained.
Extensive computer numerical simulation of diamond MESFETs was conducted by Trew et al. (1991). They considered n-
type transistors and found that diamond could produce a power density of 6 W/mm compared with 1 W/mm for a similar
GaAs MESFET. Power-added efficiencies were comparable in the 40-50 percent range, with diamond being 10 percent more
efficient than the GaAs device due primarily to a higher operating voltage. They also predicted that gain for the n-type
diamond transistor would be 2 to 3 dB higher than for GaAs. This is presumably due to the lower gate-to-drain feedback
capacitance resulting from the lower dielectric constant of diamond. This gain could be traded off against device size
allowing for larger MESFETs constructed of diamond. Note that the option of increasing the device size significantly
compared to GaAs is unique to n-type diamond since it has a much lower dielectric constant and higher carrier mobility than
other wide bandgap semiconductors.

Giabé contact matal

Figure C-22 ">A MODFET transistor with a two-dimensional electron gas at the interface between GaN and
AlGaN. ">Source: Khan et al. (1992).

It has proven difficult to dope diamond n-type. Accordingly, MESFETs fabricated to date have had p-type channels.
Such devices have given relatively low transconductance of 2 pS/mm at room temperature, increasing to 0.67 mS/mm at 400
°C (Geis et al., 1987). There was an accompanying increase in maximum channel current at the elevated temperatures that is
attributed to increasing activation of acceptors (boron) that have activation energy of around 350 meV.

In determining material conductivity as a function of temperature, the increased number of holes overcomes the decrease
in mobility, which is a strongly decreasing function of temperature. Shin et al. (1993) have established a model using a
harmonic balance technique and a numerical simulator to compare the expected performance of p-type diamond MESFETs
with that of n-type (nitrogen-doped) SiC at elevated temperatures. They assumed a mobility dependence on temperature of T
€ where g = 1.3 for 6H-SiC and g = 2.8 for boron-doped diamond. In both cases, contact resistivities were assumed to be 1 %
107 Q-cm?. For the SiC MESFET, RF performance was found to be near optimum at 25 °C with 3.5 W/mm. Performance
degraded with increasing temperature. Gain at 8§ GHz was predicted to be 16.5 dB and power-added efficiency was 44
percent for a device with 1-mm total gate length. In contrast, increasing the temperature of the diamond MESFET resulted in
improved performance up to 680 °C. Maximum channel currents were considerably lower in diamond. At 500 °C, the p-type
diamond MESFET was predicted to give power density of 0.75 W/mm at 5 GHz with 33 percent power-added efficiency and
around 8-dB gain. It was concluded that SiC MESFETs were preferred over p-type diamond MESFETs at elevated
temperature.

One method that has been suggested for increasing the channel current of p-type diamond MESFETs is to increase the
doping density. This can be done near room temperature, however, only with sacrifice of mobility due to severe impurity
scattering of holes. For example, at 25 °C, an atomic boron concentration of 10! ¢cm? is required to obtain an activated
carrier concentration of 10'3 cm. The resulting mobility at this concentration is reduced by a factor of eight from that
obtained for undoped material.

Despite the difficulties described above in using diamonds for MESFETsS, the material still has considerable promise.
Future work should be aimed at finding alternative doping methods, particularly for n-type material, and developing contacts
that withstand high temperatures and have low resistivities.
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