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THE ELECTRONIC PACKAGING
PROGRAM

For a microelectronic system to work, each microchip must
be protectively nestled on a carefully engineered carrier made
out of plastic, composite, or ceramic. This carrier contains
hundreds of tiny metal interconnects that feed power to the
chips and transfer data among them. The carrier must also
remove chip-killing heat, and the interconnects must with-
stand the strains of thousands of cycles of thermal expansion
and contraction. An interconnected array of chip carriers may
be mounted on a computer card, and several of these cards
may be plugged into a larger circuit board. The technology
that results in this hierarchy of chips, carriers, cards, and boards
is the province of electronic packaging.

The importance of electronic packaging cannot be over-
stated. The gross annual revenue of the data-processing in-
dustry already exceeds that of the automobile industry, and it
is growing at a faster pace. Electronic packaging is crucial to
this whole enterprise, accounting for about 60 percent of the
cost of a computer.

A relentless reduction in the size of components plus the
demand for continual improvement in performance present
many challenges. The Cray 1 supercomputer, designed by
Seymour Cray in the late 1970s, filled an entire factory hall.
Today, the same computational power is provided by the Al-
pha machine, an engineering workstation built by Digital
Equipment Corporation. The Alpha can be packaged in a
single deskside cabinet with a volume comparable to a me-
dium-sized suitcase. According to projections made by the
Semiconductor Industry Association, the size of the smallest
features on silicon chips will continue to shrink throughout
the 1990s, while the size of the chips themselves is expected to
grow. This means that more and more integrated electronic
circuits can be placed on individual chips, and electronic sys-
tems will become yet more compact. Currently, portable sys-
tems represent the fastest-growing segment of the industry.

An Electronic Packaging Program has been set up to coor-
dinate a range of activities that take place at Cornell. Under
the directorship of Professor Che-Yu Li, of the Department
of Materials Science and Engineering, the program en-
compasses the Semiconductor Research Corporation (SRC)
Packaging Program and the Industry-Cornell University
Alliance for Electronic Packaging.

The SRC is a consortium of leading United States semi-
conductor and systems companies, dedicated to supporting
research that both increases the knowledge base and provides

for the training of new researchers in fields of engineering
and the physical sciences that are involved with semiconduc-
tors and related technologies. The SRC Packaging Program
is a comprehensive, interdisciplinary research program that
was established at Cornell in 1986. It is supported by more
than twenty companies and has an annual budget of $600,000.

To expand Cornell's research in electronic and optoelec-
tronic packaging, the Industry-Cornell University Alliance
for Electronic Packaging was formed in 1990. Participating
in this partnership are several companies, some of which are
also members of the SRC. A goal of the alliance is to achieve
a membership that spans the whole gamut from suppliers of
materials and components through companies that design and
manufacture systems. The mission of the alliance is to per-
form basic, precompetitive, and directed research that will help
the United States to achieve worldwide leadership in elec-
tronic packaging.

Current members of the alliance include Akzo Electronic
Products, Inc.; AMP, Inc.; the Carborundum Company; Digi-
tal Equipment Corporation; and IBM. The member compa-
nies contribute funds to support the research of the alliance
and assign industrial residents, who spend a major part of the
year at Cornell participating in specific research projects. In
addition to developing new materials and technologies, the
alliance provides valuable research experience and continued
education for the industrial residents, increases the number of
students who graduate with interests and backgrounds in elec-
tronic packaging, and facilitates technology transfer. The an-
nual budget of the alliance is currently about $875,000.

To provide a dedicated space for research, the Advanced
Electronic Packaging Facility is being established in an 8,000-
square-foot area on the first floor of Kimball Hall. The Na-
tional Science Foundation and Cornell University are shar-
ing the expense of renovating this area. Equipment will be
donated by the Digital Equipment Corporation and IBM, and
operating expenses will be partly defrayed by the State of New
York. A Class-1,000 clean room will take up 1,000 square feet
of the area, and there will be a complete line of equipment for
fabrication, characterization, and testing. The renovations are
scheduled for completion in December 1993.

Cornell is also committed to making a sound education in
electronic packaging available to interested students. Che-Yu
Li, together with two coauthors from IBM, wrote the first
comprehensive textbook on this subject. Three special courses,
focusing on electrical, thermal, materials, and manufacturing
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Left: Postdoctoral research associate
Sourav Bhunia evaluates the
performance of a heat pipe intended
to help prevent overheating in
electronic packages.

Below: Graduate student Yoke Chung
uses a specially designed apparatus to
determine the thermal diffusivity of
thin films.

aspects, make possible a concentration
in electronic packaging in the Master
of Engineering degree program. The
first Joint Conference on Electronic
Packaging Education, held at Cornell
on October 5 and 6,1992, was attended
by representatives from eighteen col-
leges and universities and a large num-
ber of industries.

This issue of the Quarterly presents
an overview of some of the research that
is being conducted with support from
the SRC program and the electronic
packaging alliance. The engineering of
electronic packages involves attacking
electrical, thermal, mechanical, and
materials problems, as well as devising
efficient and reliable manufacturing
processes. A full range of materials must be used, including
organic polymers, metals, and ceramics. The articles that fol-
low reflect the diversity of the electronic-packaging research
that is taking place at Cornell.

Christopher K. Ober and Nancy C. Stoffel describe re-
search on polymeric materials, especially efforts to improve
the adhesion of polyimide interlayers and to develop block-
copolymer resists. Michael W. Russell, Gerald T. Kraus,
and Emmanuel P. Giannelis write about their efforts to use
spin-on technology to prepare thin films of high-dielec-
tric-constant oxides, which can be used to make capaci-
tors. Che-Yu Li describes research on ways to make reliable
electrical connections between very small contacts in very dense
arrays. C. Thomas Avedisian and Kenneth E. Tbrrance give
an overview of work on techniques for removing heat from

electronic packages. And J. Peter Krusius describes AUDiT, a
simulation tool that makes it possible to assess the costs and
benefits of different combinations and different arrangements
of components.

All the research in electronic packaging at Cornell is de-
signed to solve common technological problems. The
precompetitive nature of the projects encourages multi-
company participation, facilitates the formation of strategic
alliances in key research areas, and allows a mutually benefi-
cial utilization of the resources of the university and the par-
ticipating companies. With the establishment of a dedicated
facility and a strong commitment to education, the program
of electronic packaging at Cornell is poised to expand rapidly
in the near future and make a major contribution to United
States industry.
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THE IMPORTANCE OF POLYMERS
IN PACKAGING

by Christopher K. Ober and Nancy C. Stoffel

"polymers are

becoming a major

factor in the

development of

economical, high-

performance,

electronic

packaging."

Figure 1. The use of polymers in
computers. As this schematic

view of the inside of a computer
shows, polymers play many

important roles.

A remarkably large fraction of the
components in a modern computer
are made of polymers. Printed wire

boards, cards, modules, flex circuits, and even
chips employ different kinds of polymers,
carefully tailored to the tasks they are expected
to perform. Still other polymers, though not
present in the final products, are used in the
manufacturing processes through which
computers are made. Indeed, polymers are
becoming a major factor in the development
of economical, high-performance, electronic
packaging.

The role played by polymers involves their
ability to provide both structural support and
electrical insulation for metal and semicon-
ductor components. How well they do this
depends on a number of different properties,
and choosing the right polymer for each job is
one of the most important exercises in improv-
ing computer design. In comparison with other

materials, such as metals and ceramics, poly-
mers are very good insulators, both electri-
cal and thermal—they have low dielectric
constants and conduct heat poorly. They
can be processed at relatively low tem-
peratures, in the range of 350° to 400°C—ver-
sus 660° for aluminum and about 1,200° for
silica. Their coefficient of thermal expansion
is much greater than that of most ceramics and
metals, and designers are challenged by the
need to make interfaces that allow different
materials to expand and contract at different
rates without generating destructive mechani-
cal stresses. Nevertheless, they are indispens-
able as electrical insulators.

Polymer research conducted under the
electronic packaging alliance aims to develop
new materials and processes tailored to meet
the needs of the packaging industry. Two spe-
cific initiatives, discussed here, involve poly-
imide interlayers and block-copolymer resists.

resist used in processing chip polyimide dielectric layers
in module

epoxy or
cyanate ester

card

epoxy casing

polyimide
flex circuit
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Figure 2. The conversion of
polyamic acid to polyimide. Since
polyamic acid is soluble, it can be
spun-cast as a liquid, then turned
into polyimide through a ring-
closing reaction that is promoted
by heating.

Improving Adhesion
between Polyimide Layers
A group led by Edward J. Kramer is investi-
gating adhesion between polyimide layers.
Polyimides are a class of polymers with good
thermal stability and desirable mechanical
properties, as well as a relatively high glass-
transition temperature. This makes them es-
pecially suitable for applications requiring
high-temperature processing, so they are used
in the chip-on-board mounting technology,
despite their somewhat high dielectric con-
stant (as compared with polymers such as
Teflon).

Polyimides are often used as interlayer di-
electrics, with a series of thin layers deposited
sequentially to form a microelectronic struc-
ture. Unfortunately, these layers display poor
self-adhesion, and their propensity to delami-
nate complicates processing and adversely af-
fects reliability. The difficulty arises, in part,
from the way in which polyimide layers are
prepared. Polyimide is not soluble in common
solvents, so it must be processed in a precur-
sor form such as polyamic acid or polyamic
alkyl ester. Using these materials, uniform
films can be cast from solution, dried, and ther-
mally treated to create the final polyimide
structure via a ring-closing reaction (see Fig-
ure 2). If the first layer is fully converted to
polyimide, subsequent layers spun-cast on top
of it will bond poorly. The adhesive strength
between the layers is related to the amount of
interdiffusion across the interface, and since

the polyimide and its precursor are essentially
immiscible, diffusion is very limited.

The Kramer group is investigating the fac-
tors controlling the amount of interdiffusion
in the hope of improving adhesion between
polyimide layers. The way different polymer
architectures and spin-casting solvents affect
the amount of imidization and interface
properties is being explored using several
depth-profiling techniques. The material in
one of the layers is labeled by replacing some
of the hydrogen atoms of the polymer with
deuterium. Diffusion measurements can then
be made at Cornell's ion-beam facility, using
forward recoil spectrometry (FRES), time-of-
flight FRES, and nuclear-reaction analysis (see
Quarterly 26(l):29-35). The depth resolution
of these techniques varies between 150 and
600 A. If higher resolution (in the vicinity of
10 A) is needed, neutron reflectivity measure-
ments are made at either Argonne National
Laboratories or at the National Institute of
Standards and Technology.

Kramer and his coworkers have found that
small changes in the architecture of the
polyamic ethyl ester can have a profound ef-
fect on imidization kinetics, even though they
lead to the same polyimide. For example, the
para-isomer has a higher degree of conversion
to polyimide than the corresponding meta-
isomer after identical thermal treatments. It
was also found that the imidization reaction
did not proceed uniformly as a function of
depth. Rather, there was less conversion in the
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Figure 3 (left). Interdiffusion
distance as a function of base-

layer imide fraction. The
penetration of the top layer into

the bottom layer decreases as
the bottom-layer imide fraction

increases.

Figure 4 (right). Fracture as a
function of imidization.

Interfacial fracture energy
decreases as degree of

conversion increases.

region within 2,000 A of the surface than in
the bulk (see Figure 3). In contrast, the meta-
isomer had a uniform degree of imidization as
a function of depth. It may be possible to in-
tentionally tailor the imide fraction at the sur-
face and thus improve adhesion.

For the polyamic ethyl precursors of the
polyimide, PMDA/ODA, the amount of in-
terdiffusion depends on temperature and de-
gree of conversion to polyimide in the base
layer. The interfacial fracture energy decreases
rapidly from 1,500 to 200 joules per square
meter as the degree of conversion increases
from 50 to 100 percent (see Figure 4). In other
words, the amount of energy required to pull
the layers apart depends primarily on the
amount of interpenetration of the top layer
and the bottom layer. This is, in turn, depen-
dent on how thoroughly the base layer has
turned to imide.

The research group is currendy exploring
several methods of strengthening the poly-
imide-polyimide interface by altering the re-
gion near the surface. The improvement in
self-adhesion that is expected to result will be
critical for several emerging electronic-pack-
aging technologies.

Block Copolymers
for Superior Resists
Another research effort, led by the senior au-
thor, involves the development of block co-
polymer resists. Resists, which are used to pro-
duce the fine topological features required in
microelectronics, are polymers that are sensi-
tive to a specific type of radiation, becoming
either soluble or insoluble as a result of expo-

sure. In postexposure processing, the soluble
portions are removed, leaving either a posi-
tive or a negative mask to protect underlying
material during further processing.

Polymeric resists are commonly used to
produce microcircuitry by masking metallic
surfaces which are then etched away, leaving
narrow strips that conduct electricity between
devices. It would be advantageous if polymeric
resists could also be used to shape other poly-
mer films used as insulators. Graduate students
Allen Gabor and Eric Lehner took up the chal-
lenge, with support from the Semiconductor
Research Corporation's Microscience and
Technology Program.

Their solution is to use a block copolymer,
which is a hybrid of two dissimilar polymers
linked by a covalent bond. One block produces
a phase with a high glass transition tempera-
ture that can be imaged with an electron beam.
The other block is rich in silicon, which makes
it able to resist reactive ion etching (RIE) in
an oxygen plasma, although it has a low glass
transition temperature and lacks the dimen-
sional stability needed to make a good resist.
By using the two phases together, inextricably
linked, it is possible to take advantage of their
strengths, while suppressing their weaknesses
(see Figure 5). The resulting material is much
like a composite in which one phase provides
the etch resistance and the other provides the
imaging capability.

Block copolymer resists can be imaged,
then processed to remove unexposed portions,
and will form a clean, hard mask over the poly-
mer film to be etched. Evaluation at the Na-
tional Nanofabrication Facility showed that
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electron radiation

V V V V
silicon-rich phase

high-Tg phase

High-Tg phase gives
dimensional stability

to submicron images.

planarizing layer

Exposed regions
are crosslinked
to form an
insoluble network.

Unexposed polymer is
removed by developing.

High silicon concentration
at surface gives exceptional
oxygen RIE resistance.

Oxygen RIE exposes resist
and planarizing layer
to oxygen plasma.
Anything without silicon
is eaten away.

Silica layer protects
underlying polymer.

Figure 5 (left). A bilayer resist
based on block copolymers. The
two halves of the block
copolymer endow it with
exceptional resistance to reactive
ion etching as well as
dimensional stability.

Figure 6 (below). Features
produced with block copolymer
resists. After processing, the
planarizing layer protected by
the resist has been formed into
strips only 0.17 fim thick (seen in
top view and from an angle).

these resists have a high etch-rate selectivity
with respect to a polymer such as polyimide;
in an oxygen plasma the polyimide is consumed
fifty times faster than the resist. Moreover, the
approach can produce features with a resolu-
tion of less than 0.1 micron, which is far supe-
rior to current requirements for processing
materials such as polyimides. The resists have
been used to produce lines 0.3 microns wide
with an aspect ratio of 4.5 (shown in Figure

6). Continuing research involves block co-
polymer resists that can be imaged with ul-
traviolet radiation and developed in an al-
kaline environment.

The Promise
of Further Research
The continuing development of new and im-
proved polymers for printed wire boards, ad-
hesives, and flexible circuits can be expected
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Stoffel Ober

"line dimensions for

electronic packages

will soon be

in the range of

25 microns"
I

to lead to further improvement in the perfor-
mance of computers. Refinements in resists
will make possible more sophisticated elec-
tronic packaging and yet smaller and denser
integrated circuits.

According to current projections, electri-
cal line dimensions for electronic packages will
soon be in the range of 25 microns (or 1 mil).
On materials with a lower dielectric constant,
these lines could be placed closer together. The
delay time would be shorter, and computers
would be smaller and faster. The FR-4 epoxy
currently used in printed wire boards has a
dielectric constant of about 4. But Teflon has
a dielectric constant of only 2.2, and its use in
boards could lead to a whole new generation
of computers.

The fact that polymers are relatively inex-
pensive and easy to process will lead to a wide
range of new applications. Potential uses for
polymers include optoelectronic interconnects
and, perhaps one day, polymer-based photonic
computers. As the computer industry contin-
ues to develop, it will be increasingly domi-
nated by those who can produce the materials
needed to implement new technologies, and
many of these materials will be polymers.

Christopher K. Ober is an associate professor in
the Department of Materials Science and
Engineering. Born in Canada, he received his
undergraduate education at the University of
Waterloo, and earned the doctorate, granted in
1982, at the University of Massachusetts. He
then worked at the Xerox Research Centre of
Canada for four years, investigating paniculate
polymerization and liquid-crystalline polymer
synthesis. He joined the Cornell faculty in 1986.
An expert in tailoring the mechanical, thermal,
and optical properties of polymers for specific
industrial applications, he is a member of the
American Chemical Society and the Materials
Research Society.

Nancy C. Stoffel is a Ph.D. candidate
working with Professor Edward J. Kramer. She
holds a bachelor^ degree from the University of
Virginia and two masters degrees—one from
Columbia University, where she studied
chemical engineering and applied chemistry, and
one from Cornell, in materials science and
engineering. From 1984 through 1989 she
worked at IBM's East Fish kill Facility, first as a
process engineer and then as a staff engineer.
While there, she was part of a team that
received a patent for developing a rnethodfor
forming cofired glass-ceramic multichip modules.
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SPIN-ON OXIDES
FOR MICROELECTRONICS

by Michael W. Russell, Gerald T. Kraus, and Emmanuel P. Giannelis

T echnological advances in inte-
grated circuits have stimulated
rapid growth in the microelec-

tronics industry. In the 1950s, the bipolar
transistor replaced the vacuum tube, and
since 1975, the semiconductor integrated
circuit has for the most part replaced
discrete devices. Device miniaturization,
with its advantages of low power consump-
tion and high yield, has propelled digital
integrated circuits to the forefront of the
market.

More than one million devices can al-
ready be put on a single chip, and further
miniaturization presents a challenge to de-
signers and materials engineers. Reducing
the size of very-large-scale integrated
(VLSI) devices means reducing the area of
capacitor structures such as the storage ca-
pacitor in a dynamic random access memory
(DRAM). The capacitance of these struc-
tures is directly proportional to dielectric
constant and area, but inversely propor-
tional to film thickness. As components are
packed closer together, the area available for
each capacitor is reduced. In order to main-
tain the same capacitance, film thickness
must also be reduced.

In traditional DRAM architectures, the
dielectric medium is silicon dioxide (SiO2).
The storage capacitor of a one-million-bit
DRAM requires a silicon dioxide layer
that is only 10 nanometers thick. Unfortu-
nately, when silicon dioxide films are made this
thin, problems with defects, electrode sensi-
tivity, and breakdown begin to occur. To over-
come these difficulties, researchers are
investigating insulators that have a higher
dielectric constant. Such insulators would
make it possible to use thicker films and still
achieve the required capacitive density. Mate-
rials with a high dielectric constant are also
needed for "decoupling capacitors," which de-
crease inductance and control the switching-
noise level in a package.

The Advantages
of the Spin-on Process
The challenge is to make acceptable thin
films from materials that have appropriately
high dielectric constants. Thin films can be
deposited by either physical or chemical
techniques. With physical techniques, such
as sputtering and laser ablation, it is diffi-
cult to control film stoichiometry. Other
drawbacks are the difficulties of conformal
deposition in deep submicron applications
and the difficulties of adapting processes to
large-scale manufacturing. In contrast,
chemical techniques, such as spin-on pro-
cesses and chemical vapor deposition, offer
greater control of stoichiometry and better
step coverage. And of the two, spin-on tech-
niques have the advantage of simplicity and
low cost; wafers spin-coated with a thin film
of silicon dioxide, for example, can be pro-
duced for only 10 or 20 percent of what they
would cost if produced by chemical vapor
deposition.

Spin-on deposition is a process of solu-
tion casting in which a liquid precursor ap-
plied to a substrate is thinned out by cen-
trifugal force and then thermally cured. The
heat drives off the solvent and transforms
the precursor into an oxide. Spin casting
produces films of uniform thickness over the
substrate. Because of the spin-induced flow
of the precursor solution, the cured layer is
smoother than the underlayer. This is highly
desirable in a multilayer structure because
it eliminates problems from underlying to-
pography in high-density packaging.

The Polymer Precursor:
Synthesis of the Sol
To make high-dielectric-constant oxide
films, our group begins with an inorganic
polymer prepared by hydrolysis and con-
densation of a metal alkoxide. Hydrolysis
results in the formation of reactive mono-
mers, and during condensation these mono-

"spin-on techniques

have the advan-

tage of simplicity

and low cost"
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Figure 1: Hydrolysis and
condensation reactions. These
are the two basic steps in the

formation of inorganic polymers.

Hydrolysis:

Si(OR)4+H2O —

Condensation:

2Si(OR)3(OH)

> Si(OR)3OH + ROH

> (RO)3Si-O-Si(OR)3 + H2O

[1]

[2]

Figure 2. Steps in the preparation
of spin-on thin films. After the

liquid is thinned out by spinning,
it is heated to evaporate the

solvent and condense the film.

mers join together to form polymers (see
Figure 1). In contrast to the linear carbon
chains of organic polymers, the ability of the
central metal atom to form several oxygen
bonds (e.g., three for aluminum, four for sili-
con and titanium, five for tantalum and nio-
bium) can result in an extended three-dimen-
sional network.

The condensation reaction produces a sol
whose viscosity increases as the reaction pro-
ceeds. Gelation of this polymer precursor may
occur if a spanning network of chemical bonds

3. Densify and crystallize

is formed. The extent of hydrolysis and con-
densation is affected by the pH of the solution
and other reaction conditions.

For a multicomponent oxide such as
PbZr Ti, O,, more elaborate methods have

X 1-X 3 '

been devised to synthesize a precursor that
contains each of the metal atoms on the same
molecule with the appropriate stoichiometry.
When the addition of dopants is called for,
they are dispersed uniformly throughout the
liquid.

Polymers ranging from weakly branched
molecules to colloidal particles can be ob-
tained under different synthesis conditions.
The structure and morphology of the poly-
mer network influence properties of the
film, including the microstructure, thick-
ness, and porosity.

Film Deposition
by Spin Casting
To spin cast thin films deposited from
alkoxide solutions, our group uses a com-
mercially available spinner intended for the
deposition of photoresists. The thickness of
the films produced is proportional to the
weight fraction of solids in solution, and
inversely proportional to the square root of
the speed at which the substrate is spun.

In order to assure defect-free films, spin-
casting is performed in a clean room and
the precursor solution is filtered to remove
foreign particles. It has been found that films
thicker than 0.5 micron are prone to crack-
ing, so deposition is usually held to about
0.2 micron. Multiple coating can be used to
build up thicker films.

During the final stages of film deposi-
tion, densification due to solvent evapora-
tion coincides with continuing condensation
reactions. Evaporation assists condensation
by bringing polymeric species into closer
proximity. The result is a contest between

10 Cornell Engineering Quarterly



evaporation, which compacts the film, and
condensation, which stiffens it, increasing
its resistance to further compaction.

If the condensation rate is high, polymers
react quickly, before they attain the most effi-
cient packing, and the result is a porous struc-
ture. If, on the other hand, the condensation
rate is low, not every encounter leads to a re-
action, and the system has time to achieve a
denser final structure.

Thermal Processing
and Densification
The deposition process produces a porous,
amorphous film. Heating aids the mechan-
isms of condensation, producing additional
oxygen bridges and eliminating remaining
alkoxy and hydroxyl groups. Elimination of
free volume within the film is accomplished
through a rearrangement of atoms and
molecules. Viscous sintering eliminates po-
rosity, thereby creating a denser film.

Densification is critical to the microstruc-
ture and properties of the film. During heat
treatment in some systems, crystallization
takes place at the same time as densifica-
tion, impeding the process of sintering and
eventually bringing it to a halt. In other sys-
tems, such as SiO2 and Ta2O5 this is not a
problem. But in systems where crystalliza-
tion and densification are concurrent, the
rate of sintering is retarded because mass

transport by diffusion through impinging
crystals is slower than transport by viscous
flow. The result is a porous, crystalline film.
This effect can be avoided, however, by
rapid heating to prevent crystal nucleation,
which allows densification to occur prior to
extensive crystallization. The result is a
dense, crystalline film (see Figure 3).

Recently, we have found that spin-on thin
films can be densified by ion implantation in-
stead of conventional thermal annealing. This
alternative holds great promise because it can
be employed at near room temperature. Con-
ventional thermal annealing involves tempera-
tures that sometimes exceed 400°C, which is
deleterious to many potential substrates. Den-
sification by ion implantation may allow thin
films to be prepared on metals with low melt-
ing temperature and even on some polymeric
substrates.

Research on Thin Films
of Tantalum Pentoxide
One focus of our research has been tanta-
lum pentoxide (Ta,O.) which is commonly
used as a dielectric in precision capacitors.
Due to its high dielectric constant (20 to
40), Ta2O. is under consideration as a re-
placement for SiO2 in integrated circuits.
Its use would increase capacitive density by
a factor of six, allowing a significant reduc-
tion in the area used for capacitors.

Figure 3. Bright-field TEM
micrographs of free-standing
TiO2 films heated to 750°C in air
and held at that temperature for
5 minutes. Density is a function
of heating rate; the samples
shown were heated at (a) 0.2°C
per minute, (b) 1°C per minute,
(c) 10°C per minute, and (d)
1,000°C per minute. The field in
each photograph is about
2 microns wide.
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Figure 4 (top). Dielectric constant
and dielectric loss for tantalum

oxide thin films.

Figure 5 (bottom). Hysteresis of a
MOD PbZr0 3Ti0 7O3 thin film,

rapidly thermally annealed at
700°C.

Films approximately 70 nanometers thick
were formed by spin-casting on base electrodes
of metallized silicon and processing at tem-
peratures in excess of 25O°C. Tantalum oxide
capacitors were then created by evaporating
gold top electrodes, and the dielectric behav-
ior of these films was investigated (see Figure
4). Over a large frequency range (from 0.1
kilohertz to 10 megahertz), the dielectric con-
stant remained at 2 5 for films processed at tem-
peratures of 400°C and above. Leakage cur-
rent is no greater than in Ta2O5 films prepared
by other processes.

Densification and crystallization of sol-gel-
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derived tantalum-oxide thin films were also
achieved using ion implantation in place of
conventional heat treatment. Transmission
electron microscopy (TEAT) revealed the on-
set of crystallization for implant doses greater
than lxl015 Xe+ ions per square centimeter.
Electron diffraction patterns were indexed to
orthorhombic P-Ta2O5. The electrical prop-
erties of films implanted with a dose of 5xlO15

Xe+ ions per square centimeter were compa-
rable to films processed by conventional heat
treatments.

Research on the Deposition
of Ferroelectric Thin Films
Another research objective has been to develop
spin-on techniques for depositing ferroelec-
tric thin films. Ferroelectrics have a dielectric
constant that is several times that of Ta2O5,
which would allow a further reduction in the
area of capacitors. In addition, they exhibit
reversible spontaneous electric polarization
that results in a hysteresis loop. This feature
can be exploited to store information in non-
volatile memory, which retains information
even when power is lost.

The ferroelectric used for spin-on experi-
ments was PbZr0 3Ti0 7O3 (PZT), a compound
that contains a relatively low zirconium con-
tent and may have good long-term resistance
to fatigue induced by switching. Fatigue resis-
tance is a critical obstacle that must be over-
come in order to develop practical materials
for nonvolatile memories. Sol derived PZT
films have a dielectric constant of 650 and show
characteristic hysteresis in the plot of polar-
ization versus electric field (see Figure 5).

Crystalline ferroelectric films have also
been formed by ion implantation. Combin-
ing ion implantation with low temperature an-
nealing may diminish the processing incom-
patibility of PZT and aluminum. Current work
includes studying the stability of PZT films in
contact with metal electrodes and further in-
vestigation of the mechanisms of densification.

Potential Impact
of Spin-On Technology
The research conducted by our group has
made a significant contribution to knowledge
of the fundamental physics and chemistry of
spin-on film deposition. As a result, novel spin-
on materials and processes that are suitable
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for use in VLSI systems have been developed.
The range of useful spin-on materials includes
both high-dielectric-constant oxides and con-
ducting thin films. Improved process control,
coupled with the low cost and ease of
planarization, guarantee that spin-on technol-
ogy will play an important role in the fabrica-
tion of future VLSI systems.

Michael W. Russell is a graduate student in the
Department of Materials Science and Engineer-
ing. While earning the bachelor's degree in
materials science at the Massachusetts Institute
of Technology, he worked as a research assistant
in both ceramics and metallurgical laboratories.
He was also a summer intern at McDonnell
Douglas Research Laboratories in St. Louis,
Missouri, and at the General Electric
Company's Thomson Laboratory in Lynn,
Massachusetts. He was awarded a Corning
Glassworks Fellowship in 1988 and an IBM
Graduate Fellowship in 1989 and '90. This
article is adapted, in part, from material in his
doctoral disseration.

Gerald T. Kraus is also a graduate student
in the Department of Materials Science and
Engineering. He graduated with honors from

the Pennsylvania State University, where he
majored in engineering science and mechanics.
He served as a summer software engineer at
General Electric Transportation Systems in
Erie, Pennsylvania, and as a research assistant
in the study of point defects in oxynitride thin
films at Pennsylvania State University. He also
engaged in research as a co-op student at the
IBM facility in Essex Junction, Vermont,
during the summer and fall of 1990 and the
summer of 1991. He was awarded a Depart-
ment of Education Fellowship for 1991-93.

Emmanuel P. Giannelis is an associate
professor in the Department of Materials Science
and Engineering. His research focuses on the
employment of che?nical processing to fabricate
low-dime?isional materials like thin films and
multilayer structures for electro-optic and high-
temperature structural applications. He received
the bachelor's degree from the University of
Athens, in his native Greece, and the doctorate,
granted in 1985, from Michigan State
University. He is a member of the American
Chemical Society, the American Ceramic
Society, and the Materials Research Society.
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DEPENDABLE CONNECTIONS
Getting the Signal In and Out

'Within the present

decade, require-

ments for input and

output will exceed

two thousand

connections per

chip."

Figure 1. A flip-chip solder joint
between two surfaces. The solder

is 97 percent lead and 3 percent
tin; the surfaces are 32.7 microns

apart.

by Che-Yu Li

O ne of the most important aspects
of electronic packaging is get-
ting the signal in and out of

modular components with a high degree of
reliability. It is not enough to design good
chips, carriers, cards, and boards; it is also
necessary for electrical impulses to pass
among them without interruption and with-
out causing degradation. This means that
ways must be found to make thousands of
tiny connections between very small com-
ponents. Some of these connections must
be permanent, while others must be de-
tachable, making it possible to remove and
replace modules. All must be extremely de-
pendable or the complex electronic equip-
ment of which they form a part simply will
not work.

My research group is studying three ways
of making large numbers of very small con-
nections. One project involves flip-chip sol-
der joints, and another involves adhesive-
based interconnects—both ways of making
connections that are supposed to be perma-
nent. A third project involves separable con-
nectors made with flex circuits.

Flip-Chip Solder Joints
for a High-Density Area Array
Electrical devices on chips are continually
getting smaller, and at the same time, the
chips themselves are getting bigger. Both
trends contribute to an increase in the den-
sity as well as the total number of connec-
tions required for each chip. Within the
present decade, requirements for input and
output will exceed two thousand connec-
tions per chip. As the number of intercon-
nects in a typical chip becomes increasingly
dense, the size of each connection will have
to decrease. This poses a tremendous chal-
lenge to design engineers, who must main-
tain reliability and devise suitable manufac-
turing processes.

One promising solution is the use of a

dense area array of flip-chip solder joints.
Area arrays can accommodate a much larger
number of interconnects than conventional,
wired interconnects, which utilize only the
perimeter of the chip. In flip-chip construc-
tion, beads of solder are placed on contact
pads on the chip to be attached. The chip is
then flipped over, positioned, and heated,
melting the solder to make the connections.
Graduate students Jeffrey G. Maggard,
Scott Bolton, and Dirk D. Brown, as well as
staff engineer Boris Yost and senior research
associate Peter Borgesen, are involved in
research on the use of area arrays of small
solder joints for attaching chips to substrates
such as alumina (A17O3) and aluminum
nitride (A1N). The metallurgical properties
of such joints and their relation to thermal
fatigue are of vital interest.

We have been engaged in research on
flip-chip solder joints for nearly fifteen years
and have developed the capability to de-
posit, align, and reflow solder joints in the
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Master of Engineering student
Jeffrey Maggard works with the
infrared vacuum reflow furnace,
which is used to melt the solder
for flip-chip connections.

one-to-two-mil size range. To determine
their low-cycle fatigue properties, arrays of
solder joints are attached to a substrate and
tested on our ultrasensitive micromechanical
testing apparatus. By taking advantage of our
unusual capabilities in this area, we have
accumulated a large body of data on the
mechanical properties of solder joints un-
der a wide variety of conditions.

We are interested in aluminum nitride
because of its coefficient of thermal expan-
sion, which is nearly the same as that of sili-
con. When a chip is attached to an alumi-
num nitride substrate, the thermal strain on
the soldered connections between them is
much reduced. There is a problem, how-
ever, in getting metal to adhere to the alu-
minum nitride. We have developed a spe-
cial metallization scheme that involves
sputter deposition of aluminum in a nitro-
gen atmosphere of gradually decreasing
pressure. This first layer is then metallized
with chromium, copper, and gold in a pro-
cedure commonly used for contact pads on
chips. We have patterned the metallization
by photolithography and ion milling to form
1.4 mil contact pads, and then deposited and
reflowed solder joints to connect two sub-
strates to each other. When samples were
subjected to shear stress, they failed at 14.6

megapascals—and through the solder joints,
not the aluminum nitride-metal bond. We
have filed for a patent on our approach.

Deformation of a Thin Epoxy Film
Used for Adhesive-Based Connections
Adhesive-based interconnects are emerging
as a high-performance, low-cost alternative
to interconnects currently in use. One
scheme consists of substrates with gold
microbumps that are brought into contact
by a thin film of epoxy adhesive that holds
the substrates together. The reliability of
such interconnects is crucially dependent on
the mechanical performance of the adhe-

Figure 2. Schematic view of a
microbump-type adhesive-based
interconnect.
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Figure 3. Capacitance gauge for
measuring out-of-plane displace-
ment of thin polymer adhesives.
The way capacitance varies with

load makes it possible to measure
displacement with nanometer

resolution.

Figure 4. Effect of adhesive
thickness on elastic modulus. The

largest value, at 4 mils, agrees
quite well with predictions based
on bulk modulus and mechanical

constraint.

load cell

polymer
film

support
~~ tube

capacitance
gauge

machine frame

sive. Especially important is the adhesive's
out-of-plane or thickness distortion and the
way this dimension changes with repeated
heating and cooling.

Excessive increase in the thickness of the
adhesive film is undesirable because it can
open the contact between the gold bumps.
In order to make such interconnects reli-
able, we need to know the coefficient of ther-
mal expansion and the elastic modulus of
the adhesive film in the thickness direction.
Because the of thinness of the film, the mea-
surement of these properties has not previ-
ously been possible. But the challenge was
taken up by a team including John Dion (an
industrial resident from Digital Equipment

Corporation), senior research associate Pe-
ter Borgesen, and staff engineer Boris Yost.

We have developed an innovative device
to measure the out-of-plane displacement
of thin polymer adhesives. Two rigid steel
substrates are glued together with a ring of
epoxy such as Araldite. An opening in the
middle of the upper substrate makes it pos-
sible to mount a capacitance gauge close to
the film. The capacitance in the air gap be-
tween the gauge and the bottom substrate
changes linearly with distance, providing an
indicator of displacement in the thickness
direction (see Figure 3).

We have found that the elastic modulus
of a thin film is significantly less than that
of the same material tested in bulk, and the
coefficient of thermal expansion increases
as thickness diminishes. Both phenomena
seem to be related to fundamental changes
in the morphology and structure of the poly-
mer chains. Polarized microscopy reveals
that the observed structural changes are as-
sociated with an increase in the orientation
of polymer molecules when films are thin-
ner than 4 mils (see Figure 4).

These findings have definite implications
for the design of adhesive-based microbump
interconnects. It seems clear that the compres-
sive stress generated during the curing of the
adhesive is sufficient to produce good electri-
cal contacts, but it is not clear that good elec-
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trical contact can be maintained during sub-
sequent thermal excursions. We have devel-
oped a theoretical model that will predict the
evolution of contact force in relation to time
and temperature during service. The data we
have obtained on materials properties are es-
sential to the development of a cost-effective
and reliable alternative approach to the prob-
lem of interconnects.

Flex Circuits Used As
Separable Connectors
Separable connectors of the pin-and-socket
type are commonly used to plug circuit cards
into circuit boards. But such connectors do
not offer a sufficiently large number of in-
puts and outputs to meet burgeoning inter-
connect requirements. A new approach that
will allow a greater density of interconnects

Graduate student Dirk Brown
uses a pad aligner, which
positions components on
substrates for microbump and
flip-chip fabrication.
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Figure 5. A flex circuit
manufactured by AMP, Inc. The

section shown below is enlarged
to two times actual size. Products

such as this hold considerable
potential as separable

connectors.

11 i 11 i I i 1111 i 111U

Industrial resident John Dion uses
a microindenter to measure load

and displacement of thin films.

involves the use of a flexible circuit contain-
ing an area array of contact pads that are
squeezed up against a matching set of con-
tact pads on the card and the board.

This technology is being studied by a
group including John Dion, Boris Yost, Pe-
ter Borgeson, and graduate assistant Janet
Hill. We have been examining a prototype
connector supplied by AMP, Inc., which
consists of gold contact pads on a copper-
polyimide carrier. The contact pads mea-
sure 25 by 100 mils and are raised a half mil
above the carrier surface (see Figure 5).
Electrical connections are made by com-
pressing the flex circuit between a card or
board and a massive backing.

Poor contact and high resistance between
the pads are a primary concern because they
would result in heating, voltage drops, dis-
tortion, signal loss, and a reduction in oper-
ating speed. To determine how much com-
pressive force is necessary to assure reliably
low contact resistance, we mounted the
sample in our micromechanical test appa-
ratus, to measure the contact resistance of a
single pad as a function of simultaneous con-
tact force. We found that acceptable con-
tact could be attained with a relatively low
force on the individual contact pad, which
means that the performance of the assem-
bly would be limited primarily by the uni-
formity of the load distribution over the
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contact-pad array. This, in turn, depends on
the method by which the load is applied and
on manufacturing tolerances. Long-term re-
liability would also be affected by the relax-
ation of stresses in the assembly.

To investigate these factors, we studied
the compressibility of the polyimide film
with the aid of our out-of-plane thin-film
testing apparatus. We found that even an
extreme improvement in dimensional tol-
erances would not ensure physical contact
across the entire array of pads, so long as
the flex circuit is the most compliant com-
ponent in the assembly. We are now explor-
ing a range of mechanical designs intended
to ensure the maintenance of a uniform con-
tact force over the entire array. Our
micromechanical testing capabilities provide
the necessary data on the components of the
assembly.

Continuing Research
on Dense Connections
Over the years, we have found that a basic,
mechanistic approach to the problems of
electronic packaging has paid off. Our ac-
cumulated knowledge of flip-chip solder
joints, for example, has allowed us to de-
velop a general methodology based on a
damage-integral theory that can be used for
both mechanical design and reliability as-

sessment. Our experience, particularly with
regard to micromechanical testing, puts us
in a position to face the challenges presented
by current technological trends and make
substantial contributions to the field of elec-
tronic packaging.

Che-Yu Li came to the United States after earning
the B.S.E. degree at the Taiwan College of
Engineering in 1954, and received the doctorate
fi'om Cornell in 1960. After two years as a
postdoctoral research associate, he was appointed to
the faculty. During 1965-66, he was a Ford
Foundation Resident in Engineering at the U.S.
Steel Research Center, and he spent a two-year
leave in 1969-71 at the Argonne National
Laboratory. His research specialty is the mechanical
properties ofmicromaterials, and over the past few
years he has focused more and more on electronic
packaging. He coauthored, with Donald P.
Seraphim and Ronald Lasky of IBM, the first
college textbook in the field—Principles of
Electronic Packaging (McGraw-Hill). He is
currently director of both the Electronic Packaging
Program and the Department of Materials Science
and Engineering.
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THERMAL MANAGEMENT
OF ELECTRONIC PACKAGES

by C. Thomas Avedisian and Kenneth E. Tbrrance

"hand-held

communicators and

computers of the

future could

well over

100 watts"

Figure 1. Chip package showing
thermal resistance network.
Heat produced in the chip is

transported through this
network to the ambient air.

A key limitation on the performance
of electronic packages is the removal
of unwanted thermal energy. The

heat flux of today's highest performance elec-
tronic chips is only about twenty times less
than at the surface of the sun. Extrapolation
from current trends suggests that hand-held
communicators and computers of the near
future could dissipate well over 100 watts,
and possibly up to several times this amount.
Both the local rate of heat transfer from a
chip and the total rate of heat transfer from a
Pa c k a£e present significant challenges to ther-
mal engineers. At Cornell, a program to ad-
dress these challenges has been underway for
several years, involving research at the Sibley
School of Mechanical and Aerospace Engi-
neering undertaken in collaboration with col-
leagues in the Department of Materials Sci-
ence and Engineering and the School of
Electrical Engineering.

Since the failure rate of microelectronic
circuits increases dramatically with tempera-
ture—doubling with every 20°C rise in the

temperature of a device—engineers must make
the best possible use of all modes of heat trans-
fer to keep temperatures down and help en-
sure long life and reliability of electronic com-
ponents. The design of microelectronic
packages increasingly requires a fully inte-
grated approach, involving the interaction of
thermal, structural, materials, and electrical en-
gineers at all phases, from the component level
to the design of entire systems.

The Flow of Heat
through an Electronic Package
In simple terms, the heat transfer in an inte-
grated-circuit package is like an electrical-re-
sistance network. A typical package and its
thermal constituents are shown in Figure 1.
Heat generated in the active-circuit plane of a
semiconductor chip may be conducted either
to the surrounding protective package or
through solder mounting balls to the substrate
of the protective package. The package, in
turn, may be cooled by a heat sink mounted
on top of it or by conduction through electri-
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cooling
air

auxiliary
systems

inlet
screen

PC boards
with chip
packages

power
supply

exhaust
screen

outlet air

Figure 2. The flow of air through
a personal computer. The air-flow
paths are designed to cool the
chip packages and printed-circuit
boards, the auxiliary systems,
and the power supply. They
must do so efficiently, with low
noise and minimum fan power.

cal connection pins to the underlying cir-
cuit board. In this illustration, the heat sink
and the circuit board are cooled by ambient
air. Higher-performance packages typically
have multiple chips, multilayer ceramic sub-
strates, and forced air or liquid as a cooling
medium.

The integrated-circuit package and
board may be assembled into a further level
of packaging, as in the personal computer
shown in Figure 2 (where air-cooling paths
are shown schematically). In the future, the
functions shown in Figures 1 and 2 will be
compressed into ever smaller electronic
packages, with heat flows of several hundred
watts. Applications involving automotive
control and combustion will require such
packages to operate in hostile environments,
and cooling fans are likely to diminish in
size. The interrelationships between the
support structure and the cooling-air paths
will represent a major challenge for ther-
mal design engineers.

Resistance networks and air flow systems,
such as those illustrated in Figures 1 and 2,
are crucial to an understanding of the tem-
perature distribution and heat-transfer paths
in an electronic package. The chips gener-
ate thermal energy as a result of electrical
losses due to switching and to the distribu-
tion of power and signal in the microelec-
tronic circuitry. The thermal energy may be

thought of as emanating from the node lo-
cated at the center of the chip in Figure 1. A
network of thermal resistors in series and
parallel then carries the heat through the
structure to the ultimate thermodynamic
heat sink, represented by the two nodes
marked "air." Since heat only flows from
regions of high temperature to regions of
low temperature, in accordance with the
Second Law of Thermodynamics (when no
external work is done on the system), the
highest temperatures occur at the "chip"
node and the lowest at the "air" nodes,
where the ambient atmosphere picks up the
heat generated by the package.

Efficient Dissipation of Heat:
A Challenge for Thermal Engineers
To minimize the operating temperatures
within the package, it is necessary to reduce
as much as possible the resistances in the
thermal network, and to optimize the net-
work geometry. The network resistors rep-
resent heat conduction paths within the
solid structures and heat convection paths
to the ambient air. Finite-element models
are often used to estimate thermal resis-
tances for the conduction paths. Structural
materials with high thermal conductivity
(aluminum, copper, aluminum nitride, sili-
con carbide), or thin films of very high con-
ductivity, such as those made of diamond,
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are used to lower the resistance to thermal
conduction in critical regions.

The resistances due to convective heat
transfer from the heat sink or the circuit board
to ambient air depend on the air-flow paths in
the environment surrounding the package. To
estimate these resistances, which are often the
largest in a thermal network, computational
fluid dynamics or laboratory experiments may
be used. Much effort has been directed to im-
proving air-cooling systems, resulting in bet-
ter ways to distribute air, better designs for
fins that transfer heat to the air, and the devel-
opment of high-performance, self-contained
thermal modules, which may employ internal
jets or phase-change heat transfer.

The research group focusing on the ther-

mal aspects of electronic packaging has been
involved in finding solutions to a wide range
of design problems. Studies have ranged from
direct numerical simulation of the thermal
performance of packages to the design and
testing of specific cooling schemes. Configu-
rations under study (shown in Figure 3) in-
clude cooling schemes that are an integral part
of an electronic packaging substrate as well as
separate modules designed to be attached to
microelectronic devices. Yet other work aims
to develop methods for measuring the ther-
mal properties of materials used in micro-
electronic packages, especially thin-film
structures.

One way of making cooling an integral
part of the microelectronic package is illus-

Figure 3. Three approaches to
cooling. Millichannel cooling

allows a cooling fluid to circulate
through the substrate; heat pipes

conduct the heat away from the
chips to a heat sink where it is

dissipated; and droplet impinge-
ment focuses a cooling spray

right where it is needed.

a. Millichannel Cooling

air or
water
flow

DDDDO

substrates perforated
by millichannels

cross section of
substrate showing

millichannels

b. Heat Pipe I
heat pipe

evaporator

c. Droplet Impingement
liquid

air-cooled
condenser

I I

i droplets o o 6 I
o o o L.

vapor
sealed evaporator I

air-cooled
condenser
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Figure 4. A prototype for
collecting heat through heat
pipes and dissipating it through a
finned array.

trated in Figure 3 a. In this approach, air or
water is pumped through millimeter-sized
channels in the substrate to provide efficient,
localized heat removal. This technique was
studied in an undergraduate project carried
out on the Cornell supercomputer by Timo-
thy S. Fisher. Subsequent geometric opti-
mization of the flow channels by under-
graduate David E. Hall and Stephen J.
Kostera, an industrial resident from IBM,
has led to improved designs that can hold
the temperature of chips mounted on a 10-
centimeter-square substrate under 100°C.
The heat-removal rate, with air cooling, is
up to 1,000 watts, and with water cooling,
10,000 watts.

Heat Pipes and
Impingement Cooling
Self-contained cooling modules that may be
attached to microelectronic packages that
are manufactured separately make use of
"heat pipes" and "impingement cooling"
(see Figure 3b,c). A heat pipe is a pathway
with very high thermal conductivity that
leads directly from a heat source to a heat
sink. The heat pipe employs a contained
working fluid (water under low pressure or
various fluid mixtures) that is evaporated at
the heat source and condensed at the heat
sink, with the condensate returning to the

evaporator section by a wicking action in
the containing walls. Well-designed heat
pipes have an effective thermal conductiv-
ity many times that of diamond, the mate-
rial with the highest known passive thermal
conductivity. This makes heat pipes attrac-
tive for enhancing the thermal conductivity
of less expensive materials such as copper,
silicon, or aluminum nitride.

Experimental heat pipes developed by
graduate student Mark North support
finned arrays that are cooled by ambient
air (see Figure 4). Testing in a specially
constructed wind tunnel revealed heat-
removal rates of nearly 1,000 watts for sur-
face temperatures under 100°C, which is
often considered the limit of reliable opera-
tion for semiconductor chips. The proto-
type measures about 7 by 7 by 14 centimeters,
but much smaller versions are currently
under development. Such self-contained
and extensible modules are being consid-
ered for use in future high-performance
workstations.

Impingement cooling involves heat
transfer through direct contact between a
jet of cool fluid and a hot surface. Current
research includes studies of air jets, liquid
sprays, and droplets. The way droplets col-
lapse against an obstacle, with a jet of liquid
spreading rapidly at the surface, greatly
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Figure 5. The evolution of droplet
shape during impact on a

stainless-steel surface. The
rapidly expanding bulge

increases the contact area,
making droplets unexpectedly

efficient at dissipating heat.

Figure 6. Measuring the thermal
diffusivity of thin films. The

sample is heated with a laser
beam. A probe beam skimmed

along the surface is deflected by
the hot gas it encounters.

The direction and degree of
deflection can be interpreted to
calculate the thermal diffusivity.

enhances their ability to dissipate heat. Some
of the phases of liquid-droplet impingement
are illustrated in Figure 5.

Evaluating the Thermal Properties
of Microelectronic Materials
Accurate thermal modeling of electronic pack-
ages at all levels—but especially in the imme-
diate neighborhood of high-performance mi-
croelectronic circuits—depends on a detailed
knowledge of the thermal properties of mate-
rials. The increasing use of thin-film materi-

als (often less than one micron thick) raises a
host of new issues, for if a film is thin enough,
its properties may differ significantly from bulk
values for the same material. Molecular pro-
cesses that would otherwise be inconsequen-
tial can exert a profound influence on heat
conduction when a film is sufficiently thin. The
internal structure of thin films is also impor-
tant and can create anisotropic effects so that
thermal conductivity is greater in one direc-
tion than another. The coefficient of thermal
expansion may also be affected.

transverse normal
deflection deflection

diagrammatic
representation of
gas-temperature

t surface

examples of
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positions
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Torrance and Avedisian

It is difficult to measure the thermal
diffusivity of thin-film materials because they
do not lend themselves to conventional meth-
ods, which make use of thermocouples. To
overcome this difficulty, graduate student Yoke
Chung is working on a technique (see Figure
6) that will measure the deflection of a laser
beam that is skimmed past a heated surface.
The amount of deflection makes it possible to
determine the anisotropic thermal conductiv-
ity of the solid through the use of a model that
takes into account the conduction processes
in the thin film, the substrate, and the air above
the film.

With the continuing trend toward minia-
turization, thermal design engineers will be
increasingly called upon to integrate a ther-
mal solution with an electrical configuration.
This process is facilitated by looking at mi-
croelectronic packaging as a field in which
engineers from various disciplines work toward
a common goal. At Cornell, this process has
been promoted through the Industry-Cornell
University Alliance for Electronic Packaging,
as well as through collaborative research
projects among faculty in several departments
of the College of Engineering under the spon-
sorship of the Semiconductor Research Cor-
poration, the National Science Foundation,
and other organizations.

C. Tho?nas Avedisian and Kenneth E. Torrance
are both professors in the Sibley School of
Mechanical and Aerospace Engineering.

Avedisian has focused his research efforts
primarily on experimental aspects of beat
transfer and combustion. After an undergrad-
uate career at Tufts and a master's degree from
MIT, he earned the doctorate from Princeton
and joined the Cornell faculty in 1980. He
received a Presidential Young Investigator
award in 1985 and spent a sabbatical at the
National Institute of Standards and Technology
in 1988. In 1991 he was elected a fellow of the
American Society of Mechanical Engineers.

ToiTUJice's research interests are heat
transfer, fluid mechanics, and computer
graphics. In addition to electronic packages, he
has studied boiling, natural convection,
destructive fires, and geothennui flaws. Educated
at the University of Minnesota (Ph.D., 1966),
he joined the Cornell faculty in 1968. He spent a
sabbatical leave in 1914-15 at the National
Center for Atmospheric Research in Boulder,
Colorado. He is a fellow of the American Society
of Mechanical Engineers and a member of the
Combustion Institute, the American Geophysical
Union, and the American Physical Society.

^thermal design
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thermal solution
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SIMULATING SYSTEM CONSTRAINTS
IN COMPUTER PACKAGING

by J. Peter Krusius

"ive are trying to

achieve a better

understanding of the

way the physical

structure of a

computer affects its

functionality,

performance, cost,

and reliability."

Figure 1. Chip set for a model
RISC workstation. The nine chips
are attached to a substrate with

an array of solder bumps. The
heavy black line shows the critical

path, whose length limits the
computer's speed.

A dvances in miniaturization have
already shrunk computers to a
mere fraction of their former size,

and this trend is expected to continue
through the next decade. Such a radical
change in scale implies a series of other sys-
temic changes that require a complete rethink-
ing of the physical structure of all computers,
including supercomputers, mainframes, work-
stations, personal computers, notebooks, and
hand-held units.

A research group that I lead is examining
the impact of changing constraints on the
packaging of computer systems with the aid
of computer simulation. Graduate students
who have been involved in this work during
the past academic year are Lipeng Cao, Bruce
Hahne, Henry Lin, and David O'Brien. To-
gether, we are trying to achieve a better un-
derstanding of the way the physical structure
of a computer affects its functionality, perfor-
mance, cost, and reliability. To do this, we build
a large set of linked models describing every
conceivable characteristic of the system,
whether physical or functional, and then simu-
late their interaction. The program we have
developed is called AUDiT, for Automated
Design Trade-off Simulator. Similar methods
of system simulation have been applied to com-
plex problems involving airline traffic, urban
infrastructure, weather, and planetary ecosys-
tems. (The computer game SimEarth allows
players to design and manage entire planets.)
What we do follows the same principles, al-
though the content differs: We use computers
to simulate computers.

A Demonstration of the Technique
Using a Model Computer
To illustrate how we study the system con-
straints of physical structure—or, more pre-
cisely, of packaging architecture—I will de-
scribe the thermal constraints on engineering
workstations patterned after the IBM RS/
6000. This machine has been designed as a

reduced-instruction-set computer (RISC) and
has nine silicon integrated-circuit chips in its
central computational complex. This chip set
performs all the computational functions of
which the computer is capable. The chips are
implemented in a complementary metal-ox-
ide-semiconductor (CMOS) circuit technol-
ogy with a 1-micron minimum feature size.
CMOS is currently the dominant integrated-
circuit technology, and it is expected to main-
tain this position throughout the 1990s.

Each of the chips has a specific function:
an instruction cache unit (ICU) stores instruc-
tions temporarily; a fixed-point unit (FXU)
executes commands applied to integer num-
bers; a floating-point unit (FPU) executes com-
mands on floating-point numbers; four data
cache units (DCU) store temporary data; a
storage control unit (SCU) controls the stor-
age of data in the temporary and permanent
memories of the computer; and an input/out-
put interface unit (I/O) controls all input/out-
put operations (see Figure 1).

The performance of this RISC computer
is limited primarily by a single signal path,
called the critical path, which runs from the
FXU to one of the DCUs. Data travels on this
path when the FXU chip reads it from or writes
it back to the temporary storage (DCU). It

ICU

SCU

I/O

FXU -

DCU

DCU

•

•

FPU

- DCU

DCU
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should be noted that the critical path runs on
two chips (FXU, DCU) and on the packaging
medium between the chips.

For purposes of demonstration, we will
consider two different ways of packaging
this chip set. The first alternative involves
placing each chip in its own package, which
must provide the required signals, electric
power, and cooling functions. The single-
chip packages (SCPs) are then placed on a
printed wiring board (PWB) in a three-by-
three array as shown in Figure 2. The board
provides all signal wires (interconnects) and
electrical power leads that are required be-
tween the chips. The second alternative in-
volves placing all chips on a single substrate,
called a multichip module (MCM), in a
three-by-three array with no intervening
package walls. The whole MCM is placed
in its own package.

MCMs differ in the combination of mate-
rials from which they are made. We will con-
sider three possibilities:

1. tungsten metal interconnects laminated with
a ceramic material such as aluminum ni-
tride into a multilayer ceramic structure
(MCM-C)

2. copper metal interconnects deposited on
organic polyimide insulator layers in a
multilayer structure on top of a ceramic
substrate (MCM-D)

3. copper interconnects laminated with or-
ganic layers into a multilayer organic struc-
ture (MCM-L)

Key characteristics for each of these three
interconnect technologies are shown in Table
1. Values given for the line width and line space
of metal interconnects reflect current manu-
facturing capability. Permitivity depends on
the dielectric between the metal lines and is
determined by the specific ceramic or organic
materials used. Commercial MCM work-
stations of this type are not yet on the market.

Results of the Simulation:
Size and Performance
AUDiT was used to generate key characteris-
tics of the RISC workstation under discussion,
implemented according to the four packaging
architectures outlined above. Of particular
interest are the relationships between size, per-
formance, and cooling.

The relationship of system size to packag-
ing efficiency and cycle time is given in Table

Line width
Line spacing
Layers
Permitivity

A Comparison of Four

SCP/PWB

150|um
225 urn

4
4.8

MCM-C

lOOum
lOOum

4
8.9

Substrates

MCM-D

12 um
16|nm

4
3.5

MCM-L

100 urn
125 urn

4
3.9

Figure 2. Competing
architectures for the RISC
workstation chip set. Each chip
on the printed wiring board is in
its own package, while all the
chips on the multichip module
are in a single package.

Table 1. Key parameters vary
depending on the substrate used
for the interconnect lines
between the chips. The four
packaging architectures are
described in the text.
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Table 2. Performance, system
size, and packaging efficiency

vary according to the imple-
mentation of the model

workstation.

Figure 3. Efficiency and cycle
time for a model workstation

implemented with different
packaging architectures. Results

have been normalized so that the
longest cycle time (dark gray)

and highest packaging efficiency
(light gray) equal 100 percent.

A Comparison

PWB or MCM size (cm2)
Packaging efficiency (%)
Interchip path length (cm)
Cycle time (ns)
Overall power density (W/cm2)

of Four Packaging Architectures

SCP/PWB

1,672
1.03
19.3
16.1

0.017

MCM-C

205
8.4

6.75
12.1

0.082

MCM-D

17.2
99.9
1.96
7.36
1.34

MCM-L

100
17.2
4.72
8.03
0.27

2. System size is the area of the printed wiring
board or the multichip module (which deter-
mines the external size of the computer). Pack-
aging efficiency is the ratio of the total area of
the silicon chips to the system size. The cycle
time, which is the usual measure of the speed
of a computer, is the time it takes for a signal
to travel the full length of the critical path.
The shorter the cycle time, the more instruc-
tions the computer can process in a given in-
terval and the faster the computer.

All MCM-based implementations are much
smaller than the PWB with single-chip pack-
ages because the interconnect line pitch is finer
and no package structures intervene between
the chips. Consequently, the length of the criti-
cal path is greatly reduced and the cycle time
is less than half as long (see Figure 3).

The Dissipation of Heat
in Different Packaging Strategies
When executing the instructions of a stored
program, computer chips generate heat, which

must be dissipated for them to function reli-
ably. If chips are run at temperatures above
85°C for extended periods, their lifetime is
shortened considerably. Cooling strategies are
a major consideration in computer design, as
indicated in the previous article.

Several different cooling methods are ana-
lyzed in the present exposition. All techniques
employ a forced fluid, which flushes the ex-
posed surfaces of the packages. The fluid may
cool packages either directly or via heat sinks
attached to their upper surface. Heat sinks are
formed from thermally conductive metal, typi-
cally aluminum or copper, and their function
is to increase the area of the package so that
heat can be removed more effectively. We as-
sume, for purposes of illustration, that heat
sinks are made of aluminum and that the fins
are 20 millimeters high. Two coolants, air and
fluorocarbon, are modeled.

Overall power densities and chip tempera-
tures for the packaging architectures under
analysis demonstrate the energy-balance con-

100

SCP/PWB MCM-C MCM-D MCM-L
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scu

straint. Power density is the ratio of the elec-
tric power dissipated by the circuits to the to-
tal area of the system. Chip temperatures are
computed by AUDiT using two-dimensional
thermal network models describing heat re-
moved via the conduction and convection
mechanisms. The inlet temperature of the
coolant is taken to be 27°C—the temperature
of office air on a hot day. Maximum and mini-
mum chip temperatures for each packaging
architecture and cooling technology are shown
in Table 3. Thermal maps showing the tem-
perature of individual chips for single-chip
packaging and multichip modules are given in
Figure 4.

Without tall heat sinks, direct forced air
cannot cool organic MCMs to chip tem-

peratures less than 85°C. Indeed, chip tem-
peratures may rise to 223°C—far in excess
of the desired ceiling. But forced air with
heat sinks or forced liquid fluorocarbon
without heat sinks can drop all chip tem-
peratures into the acceptable range. The
combination of forced air and heat sinks is
the most practical cooling method, com-
monly employed in office environments. It
is able to cool the model workstation even
at cycle times of 8 nanoseconds, which are
not yet available on the market.

The maximum heat flux produced by
commercial workstations is 30 watts for
Digital Equipment's Alpha chip, which mea-
sures 16.8 by 13.9 millimeters. This corre-
sponds to a chip-level power density of 12.8

Power Density and Chip Temperatures

Overall power density (W/cm2)

Direct forced air:
Max. chip temperature (C)
Min. chip temperature (C)

Forced air with heat sinks:
Max. chip temperature (C)
Min. chip temperature (C)

Direct forced fluorocarbon:
Max. chip temperature (C)
Min. chip temperature (C)

SCP/PWB

0.017

53.6
44.1

36.5
33.1

33.6
31.2

MCM-C

0.082

39.6
46.6

33.2
30.6

31.6
29.7

MCM-D

1.34

223
153

73.1
50.3

47.4
36.5

MCM-L

0.27

131
63.6

61.1
45.8

48.0
34.3

Figure 4. Chip-temperature maps
for two packaging configura-
tions. The light gray bars show
the temperature of individual
chips in the SCP/PWB archi-
tecture cooled by direct forced
air, but without heat sinks. The
dark gray bars show the tem-
perature of the same chips in the
McM-D architecture, cooled by
forced air with heat sinks. Both
alternatives remain under the
85°C reliability ceiling.

Table 3. Power density and chip
temperatures for different
packaging architectures vary with
different types of cooling.
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"Continuing work

... will focus on

placement

optimization and

system partitioning"
watts per square centimeter, which is within
a factor of one hundred from the largest
cooling flux ever demonstrated for tempera-
tures below 100°C—about 1,000 watts per
square centimeter.

Future Research
on Optimal Packaging
The AUDiT-based simulations described here
show quantitatively the relationship of com-
puter performance to packaging density and
energy balance. It is clear that these and other
considerations must be incorporated into fu-
ture computers early in the design process,
together with more traditional issues such as
functional architecture, instruction set, and
cache access.

Continuing work in my research group will
focus on placement optimization and system
partitioning, with attention to both physical
and functional factors. The study of placement
optimization will help determine where in the
system circuits should be placed in order to
meet specified levels of performance without
violating constraints imposed by size, form,
energy balance, electrical noise, and the costs
of manufacturing and assembly. Since the de-
scriptions of packaging architecture used in
AUDiT extend from on-chip functional units
to the full system, placement optimization
covers not only chips and packages, but also
functional units within chips. These functional

units can be moved from one chip to another,
even when the chips are in different packages.
Issues related to chip integration, chip-to-
package tradeoffs, and partitioning of parallel
computers may thus be studied in a system-
atic fashion. We hope our optimization stud-
ies will contribute to the design of packaging
architectures for all kinds of formats, from
compact modules to hand-held units, note-
books, desktops, PCs, workstations, and large
parallel computers.

J. Peter Krusins is a professor in the School of
Electrical Engineering. After receiving a
doctorate in electron physics from the Helsinki
University of Technology in 1975, he conducted
research at the Institute of Physics of the
University of Dortmund in Ge?~many, the
Electron Physics Laboratory at Helsinki
University of Technology, and the Semiconduc-
tor Laboratory at the Technical Research Center
of Finland. He first came to Coimell on a
Fulbright fellowship and joined the faculty in
1981. His research in solid-state electronics
focuses on ultrahigh density nanoelectronics,
femtosecond carrier processes in semiconductor
heterostructures, and integration and packaging
of high-speed computers. He is a member of the
Institute of Electrical and Electronics Engineers,
the Materials Research Society, and the
American Physical Society.
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REGISTER

Moore
Six members of the College of
Engineering faculty retired at
the end of the 1992-93 aca-
demic year. They were Franklin
K. Moore, Edwin L. Resler, and
Kuo-King Wang, of the Sibley
School of Mechanical and Aero-
space Engineering; Tor Hagfors,
of the School of Electrical Engi-
neering; Mark S. Nelkin, of the
School of Applied and Engineer-
ing Physics; and Jack E. Oliver,
of the Department of Geological
Sciences.

• Franklin K. Moore has
been named the Joseph C.
Ford Professor of Mechani-
cal Engineering, Emeritus.
A specialist in fluid mechan-
ics, turbomachinery, and
heat transfer, Moore has
played a significant role in
the development of aero-
space engineering.

After receiving the B.S.
and Ph.D. degrees from
Cornell, Moore was an aero-
nautical research scientist at
the National Advisory Com-
mittee for Aeronautics, which
later became the National
Aeronautics and Space Ad-
ministration (NASA). He
then directed the Aero-
sciences Division of the
Cornell Aeronautics Labora-
tory and headed the former
Department of Thermal
Engineering from 1965 to
1973. He served on the Aero-
nautics and Space Engineer-
ing Board of the National
Research Council and spent
sabbatical years at the Gen-
eral Electric Company and at
NASA, which honored him
with its Distinguished Scien-
tific Achievement Medal. He
is a member of the National
Academy of Engineering and
a fellow of the American
Institute of Aeronautics and

Astronautics and the Ameri-
can Society of Mechanical
Engineers.

• Edwin L. Resler, Jr. has
been named the Joseph New-
ton Pew, Jr. Professor of
Engineering, Emeritus. He
was in the first class to enter
Cornell's newly established
Graduate School of Aeronau-
tical Engineering (after an
undergraduate career at

Resler

Notre Dame), and he re-
ceived the Ph.D. in 1951.
Except for a period at the
University of Maryland's
Institute for Fluid Dynamics
and Applied Mathematics
(1952-56), he has remained at
Cornell, playing a leading
role in aerospace engineering.

A researcher with wide-
ranging interests, Resler has
been involved in studies of
wave engines, shock tubes,
magnetohydrodynamics, and
ferrohydrodynamics. He has
made substantial contribu-
tions to reducing the sonic
boom of jet aircraft and the
pollution caused by automo-
bile engines, and he holds a
number of patents. In addi-
tion, he directed the Gradu-
ate School of Aerospace En-
gineering from 1963 to 1972,
and after the merger that
established the Sibley School
of Mechanical and Aerospace
Engineering, he served as
director of that school for five
years.

Wang

Resler has been a consult-
ant to many industries; an
editor of Astronautics, the
AIAA Journal, and Physics of
Fluids; and chair of NASAJS

Advisory Committee for
Fluid Mechanics and of the
American Rocket Society's
Magnetohydrodynamics
Committee. He is a fellow of
the American Institute of
Aeronautics and Astronautics.

• Kuo-King Wang has been
named the Sibley Professor of
Mechanical Engineering,
Emeritus. An internationally
renowned expert on manufac-
turing processes, he founded
and directed the Cornell
Injection Molding Program,
which has done much to put
the molding of plastics on a
rational scientific footing.

After earning the B.S.
degree at the National Cen-
tral University in his native
China, Wang worked for
shipbuilding companies in
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Hagfors

Shanghai and Taiwan for
thirteen years, serving in
several different capacities,
from plant and design engi-
neer to supervisor of planning
and scheduling. He came to
the United States in 1960,
and after a year supervising a
project for the United Tanker
Corporation, he earned a
master's degree at the Univer-
sity of Wisconsin. He then
spent four years in process
development at Walker
Manufacturing Company
before returning to the Uni-
versity of Wisconsin for a
doctorate.

When Wang joined the
Cornell faculty in 1970, he
brought with him eighteen
years of industrial experience,
and his ability to broker rela-
tions between industry and
academia has been a key to
the success of his injection
molding program. He has
received several prestigious
awards; he is a fellow of the
American Society of Me-
chanical Engineers and the
Society of Manufacturing
Engineers, and a member of
the National Academy of
Engineering.

• Tor HagforSy who
directed the National
Astronomy and Ionosphere
Center, has also been named
professor, emeritus. An able
administrator as well as a
specialist in radar and radio
astronomy and ionospheric
physics, Hagfors has man-
aged some of the world's
leading research facilities in
these fields.

After receiving the
doctoral degree from the
University of Oslo in his
native Norway, Hagfors
worked for the Norwegian
National Defense Research
Laboratory. From 1966 to
1969 he directed the
Jicamarca Observatory near
Lima, Peru. From 1971
through 1973, he was direc-
tor of operations at the
Arecibo Observatory in
Puerto Rico. He was
appointed professor at the
University of Trondheim in
1973, and in 1975 he
became director of the
European Incoherent Scat-
ter Radar Observatory. He
came to Cornell in 1982 as a
member of both the
Department of Astronomy

and the School of Electrical
Engineering. He is a fellow
of the International Union
for Radio Science, from
which he received the 1987
van der Pol gold medal.

• Also named professor,
emeritus, was Mark S.
Nelkin of the School of
Applied and Engineering
Physics. A theoretical physi-
cist by inclination, Nelkin
contributed significantly to
an understanding of neutron
thermalization and thermal
spectra. He became inter-
ested in phenomena that
exhibit "a subtle interplay
between ordered and cha-
otic behavior," particularly
voltage fluctuations in solid-
state devices and fluctuating
velocity in turbulent fluid
flow.

Nelkin received the B.S.
from MIT and the Ph.D.
from Cornell. After working
for two years at the Knolls
Atomic Power Laboratory
in Schenectady, New York,
and for five years at the
General Atomic Division of
General Dynamics in San
Diego, California, he re-
turned to Cornell in 1962,
and joined the faculty. Dur-

ing academic leaves he has
been a visiting professor or
visiting scientist at the Uni-
versity of Paris, Harvard
University, the College de
France, the National Bureau
of Standards, the University
of Paris VI, and the Courant
Institute of Mathematical
Sciences at New York Uni-
versity. He is a fellow of the
American Physical Society.

• Jack E. Oliver has been
named the Irving Porter
Church Professor of Engi-
neering, Emeritus. He came
to Cornell in 1971 as first
chair of the reorganized De-
partment of Geological Sci-
ences (which was given a
position in the College of
Engineering), and presided
over its growth as a depart-
ment devoted to research in
the then-new paradigm of
plate tectonics, with special
attention to the processes
involved in the building of
the continents.

Before coming to Cornell,
Oliver served for sixteen years
on the faculty at Columbia
University, where he had
earned the B.A. and Ph.D de-
grees. He directed the depart-
ment at Cornell for ten years,

Nelkin
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Oliver

and then directed the associ-
ated Institute for the Study of
the Continents, which he
founded, for five years. He
served as president of both
the Seismological Society of
America and the Geological
Society of America (GSA).
He is a member of the Na-
tional Academy of Sciences
and a fellow of the American
Geophysical Union, the GSA,
and the American Association
for the Advancement of Sci-
ence. He has served as a con-
sultant to various government
agencies and chaired the U.S.
Geodynamics Committee of
the National Research Coun-
cil. He has received a number
of awards, including the
Virgil Kauffrnan Gold Medal
from the Society of Explora-
tion Geophysics.

A panel of distinguished
geologists assembled for
festivities that took place
August 28 in honor of
Oliver's retirement included
Frank Press, former presi-
dent of the National Acad-
emy of Sciences; Charles L.
Drake, a former member of
the President's Council of
Advisors on Science and
Technology; and Frank H.
T. Rhodes, president of
Cornell University.

Three new members have joined
the faculty of the College of
Engineering.

• New in the Department of
Geological Sciences is
Kodjopa Attoh, who joins
the faculty as an associate
professor. Born in Ghana,
he attended the University
of Ghana in Legon, receiv-
ing the B.Sc. degree in 1968.
He earned the M.S. degree
at the University of Cincin-
nati in 1970, and the Ph.D.
at Northwestern University
in 1973. He remained at
Northwestern as a post-
doctoral fellow during the
1973-74 academic year,
and then returned to Ghana
as a lecturer at the Univer-

Attoh

sity of Ghana. His research
interests involve Precam-
brian geology and meta-
morphic petrology; the
opportunity to compare
the greenstone belts of
Canada with those in West
Africa led him to take a
position as visiting scientist
with the Geological Survey
of Canada in Ottawa in
1978-80. He then joined
the faculty of Hope College
in Holland, Michigan,
where he chaired the geol-
ogy department from 1985
through 1989. He is a
member of the Geological
Society of America, the
American Geophysical
Union, and Sigma Xi.

• Iain D. Boyd began his
appointment as an assistant
professor in the Sibley
School of Mechanical and
Aerospace Engineering last
January. Born in Paisley,
Great Britain, he earned the
B.Sc. degree in 1985 at the
University of Southampton,
where he majored in math-
ematics. Graduate study in
aeronautics and astronautics
followed at the same institu-
tion, where he received the
Ph.D. degree in 1989. He

Boyd

then worked as a research
scientist at NASA's Ames
Research Center until com-
ing to Cornell. Boyd's re-
search interests include gas
dynamics, nonequilibrium
flows, and numerical meth-
ods. He is an expert in the
application of particle simu-
lation techniques to prob-
lems involving non-
equilibrium gas dynamics.
Applications include aero-
dynamics of hypersonic
vehicles and rocket propul-
sion on spacecraft. He is a
member of the American
Physical Society and the
American Institute of Aero-
nautics and Astronautics.

• Thorsten von Eicken has
joined the Department of
Computer Science as an
assistant professor. After an
undergraduate major in com-
puter science at the Federal
Institute of Technology in
Zurich, Switzerland, where
he became a diplomate in
1987, von Eicken spent nine
months as a member of the
technical staff at AT&T Bell
Laboratories Computing
Research Center in Murray
Hill, New Jersey. He then
undertook graduate study at

Von Eicken
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Huttenlocher

the University of California at
Berkeley, where his research
involved developing efficient
communication architectures
for multiprocessors. He re-
turned to AT&T Bell Labo-
ratories as a student intern in
the summer of 1989, and
spent a month as a visiting
scientist at the Thinking
Machines Corporation in
Cambridge, Massachusetts, in
1992. He received an out-
standing paper award at the
19th International Sympo-
sium on Computer Architec-
ture in May 1992. He is a
member of ACM SIGARCH
and SIGPLAN, and the
IEEE Computer Society.

• Daniel P. Huttenlocher, an
assistant professor in the
Department of Computer
Science, has won three
awards for his teaching. Last

spring he won the Excellence
in Engineering Teaching
Award, which is given annu-
ally by the Cornell Society of
Engineers and Tau Beta Pi.
He also won the Russell
Distinguished Teaching
Award from the College of
Arts and Sciences. He is the
first professor to have won
the highest teaching award
from two colleges, a feat
made possible by the fact that
computer science has depart-
mental status in both arts and
engineering. But this note-
worthy achievement was
eclipsed this fall, when the
Council for the Advancement
and Support of Education
(CASE) selected
Huttenlocher as New York
State Professor of the Year.

Huttenlocher joined the
Cornell faculty in 1988 after
receiving the doctorate from
MIT. A respected researcher
as well as a teacher, he won a
coveted Presidential Young
Investigator award in 1990.
His specialty is computer
vision, and one of his accom-
plishments has been the es-
tablishment of a robotics and
vision laboratory for under-
graduate and graduate in-
struction. He was nominated

Olbricht

for the Case Award by Pro-
fessor David Gries, who says,
"He has complete command
of the classroom. His enthusi-
asm for what he is teaching is
infectious."

Four schools or departments are
under new leadership.

• William L. Olbricht has
taken over from Claude
Cohen as director of the
School of Chemical Engi-
neering. A specialist in fluid
mechanics, his research has
involved the movement of
blood cells through capillaries
and the motion of multiphase
fluid systems through porous
media. He came to Cornell in
1980, after finishing his
graduate studies at the Cali-
fornia Institute of Technol-
ogy. He is a member of the
American Institute of Chemi-
cal Engineers and the Society
of Rheology.

• Robert L. Constable is
acting chair of the Depart-
ment of Computer Science
while Juris Hartmanis is on
sabbatical leave. Constable
joined the Cornell faculty in
1968, after receiving the
doctorate from the University

Constable
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Isaacson
of Wisconsin. He has de-
voted his career to develop-
ing computer systems to
make the formalization of
mathematics feasible and
useful, including PL/Cy
PRL, and Nuprl. He is a
member of the Association
for Symbolic Logic and the
Association for Computing
Machinery. In 1990 he won a
Guggenheim fellowship.

• Che-Yu Li, who has suc-
ceeded Jack M. Blakely as
director of the Department of
Materials Science, is a special-
ist in the mechanical proper-
ties of materials. He earned
the doctorate at Cornell, and
after two years as a post-
doctoral research associate,
he became a member of the
faculty. He spent a two-year
leave at the Argonne National
Laboratory, and he has
worked closely with industrial
groups on a variety of topics.
He also directs the Electronic
Packaging Program.

• David A. Caughey has
taken over the reins of the
Sibley School of Mechanical
and Aerospace Engineering
from Franklin K. Moore, who
was acting director for the

past year. Caughey earned the
doctorate at Princeton Uni-
versity and joined the Cornell
faculty after a year as an ex-
change scientist at the Soviet
Academy of Sciences in Mos-
cow, and four years at the
research laboratories of the
McDonnell Douglas Corpo-
ration. His research has fo-
cused on the development of
computational techniques for
the solution of problems in
compressible aerodynamics.
He received the 1977 Excel-
lence in Engineering Teach-
ing Award, and he served as
acting director of the Center
for Theory and Simulation in
Science and Engineering (the
Theory Center) in 1988-89.

• Michael S. Isaacson is the
new associate dean for re-
search and graduate studies,
replacing S. Leigh Phoenix,
who stepped down in June.
Isaacson is a professor in the
School of Applied and Engi-
neering Physics, where he has
been involved in research on
electron-optical instrumenta-
tion and design, near-field
optics, nanolithography and
mesoscopic physics. A gradu-
ate of the University of Illi-
nois (B.S.) and the University

Caughey

ofChicago(S.M.,Ph.D.),
Isaacson joined the Cornell
faculty in 1979 after serving
as a staff scientist in the biol-
ogy division at the Brook-
haven National Laboratory
and as an assistant professor
in the Department of Physics
at the Enrico Fermi Institute
and the College of the Uni-
versity of Chicago. He has
been an Alfred P. Sloan Foun-
dation faculty fellow and was
awarded the Burton Medal by
the Electron Microscopy
Society of America. He has
also received an Alexander
von Humboldt Senior Scien-
tist Award. He is an associate
editor of Ultramicroscopy, and
has served on the editorial
boards of several other jour-
nals. Currently, he is presi-
dent of the Microscopy Soci-
ety of America.
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FACULTY PUBLICATIONS

Current research activities in the
Cornell College of Engineering are
represented by the following publica-
tions and conference papers that
appeared or were presented during the
four-month period January through
April 1993. (Earlier entries omitted
from previous Quarterly listings are
included here with the year of publica-
tion in parentheses.) The names of
Cornell personnel are in italics.

AGRICULTURAL
AND BIOLOGICAL
ENGINEERING
Barry, D. A.,J.-Y Parlange, G. C.
Sander, and M. Sivaplan. 1993. A
class of exact solutions for
Richards' equation. Journal of
Hydrology 142:29-46.

Dolande,J. , and A Datta. 1993.
Temperature profiles in microwave
heating on solids: A systematic
study. Journal of Microwave Power
and Electromagnetic Energy
28(2):58-67.

Lisle, I. G., and J.-Y. Parlange.
(1989). Analytical reduction for a
concentration-dependent diffusion
problem. ZAMP44:85-102.

Parlange, M. B., C. Fuentes, R.
Haverkamp, J.-Y. Parlange, D.
Elrick, a n d M 7 Price. 1993.
Optimal solutions of the Bruce
and Klute equation. Soil Science

5 5 ( l ) l 7

Sivamohan, M. V. K., C. A. Scott,
and M. E Walter. 1993. Vetiver
grass for soil and water conserva-
tion: Prospects and problems. In
World soil erosion and conservation,
ed. D. Pimentel, pp. 293-309.
Cambridge, UK: Cambridge
University Press.

APPLIED
AND ENGINEERING
PHYSICS
Bare, H. E, F. Haas, D. A. Honey,
D. Mikolas, H. G. Craighead, G.
Pugh, and R. Soave. 1993. A
simple surface emitting LED array
for free-space optical intercon-
nects. IEEE Photonics Technology
Letters 5:172-78.

Bernstein, J. S., A. Fein,J. B. Choi,
Z A CW,R.CSausa,S.L.
Howard, R. L. Locke, and A. W.
Miziolek. 1993. Laser-based flame
species profile measurements: A
comparison with flame model
predictions. Combustion and Flame
92:85-105.

Brock, J. D. 1993. X-ray scattering
studies of CDW structure. Paper
read at 1993 March Meeting,
American Physical Society, 22-29
March 1993, in Seattle, WA.

DiCarlo, D. A., E. Sweetland, M.
SuttonJ. D. Brock, and R. E.
Thorne. 1993. Field-induced
charge-density-wave deformations
and phase slip in NbSe r Physical
Review Letters 70(6):845-48.

Hillyard, S., R. E Loane, andj.
Silcox. 1993. Annular dark field
imaging: Resolution and thickness
effects. Ultramicroscopy 49:14—2 5.

Isaacson, M. \993a. Elmar Zeitler:
The Chicago years. Ultramicroscopy
49:1-3.

. \993b. Simple considerations
on microanalysis using electron
beams. Ultramicroscopy 49:171 -7 8.

Jayakumar, R., H. H. Eleischmann,
and S. J. Zweben. 1993. Colli-
sional avalanche exponentiation of
runaway electrons in electrified
plasmas. Physics Letters A 172:447-
51.

Lovelace, R. VE.,M.M.
Romanova, and J. Contopoulos.
1993. Theory of jets from young
stars. Astrophysical Journal 403:158.

Moeckley, B. H, D. K. Lathrop, and
R. A. Buhrman. 1993. Electro-
migration study of oxygen disorder
and grain boundary effects in
YBa2Cu3O7-d thin films. Physical
Review B. 47:400-17.

Rails, K S., D. C. Ralph, and R. A.
Buhrman. 1993. The impact of a
single defect on the conductance:
Local interference and universal
conductance fluctuations. Physical
Review 547:10,509-14.

Ralph, D. C, K. S. Rails, and R. A.
Buhrman. 1993. Ensemble studies
of non-linear conductance fluctua-
tions in phase coherent samples.
Physical Review Letters 70:986-89.

Strickler, J. H., and W W Webb.
1993. 3-D optical data storage by
two-photon excitation. Advanced
Materials Journal 6:479-81.

Tiberio, R. C, H. C. Craighead, M.
Lercel, T. Lau, C. W. Sheen, and D.
L. Allara. 1993. Self-assembled
monolayer electron beam resist on
GaAs. Applied Physics Letters
62(5)476-78.

Williams, B. A., and T.A. Cool.
1993. Resonance ionization spec-
troscopy of the chlorethylenes.
Journal of Physical Chemistry
97(7): 12 70-82.

CHEMICAL
ENGINEERING
Balbuena, P. B., D. Berry, and K.
E. Gubbins. 1993. Solvation pres-
sures for simple fluids in
micropores. Journal of Physical
Chemistry 97:937-43.

Bhaskar, A. R., S. S. H. Rizvi, and P.
Harriott. 1993. Performace of a
packed column for continuous
supercritical carbon dioxide pro-
cessing of anhydrous milk fat.
Biotechnology Progress 9:70-74.

Cracknell, R. E, P. Gordon, and K.
E. Gubbins. 1993. Influence of pore
geometry on design of micro-
porous materials for methane
storage. Journal of Physical Chemis-
try 97:494-99.

Cracknell, R. E, and K. E. Gubbins.
1993. Molecular simulation of
adsorption and diffusion in VPI-5
and other aluminophosphates.
Langmuir 9:824-30.

Cryer,S.A., and P. H Stem.
(1992). Collapse of the soap-film
bridge: Quasistatic description.
Journal of Colloid and Interface
Science \5M\):276r-m.

Fu, J., D. B. Wilson, and M. L.
Shuler. 1993. Continuous, high
level production and excretion of a
plasmid-encoded protein by
Escherichia coli in two-stage
chemostat. Biotechnology and Bio-
engineering 41:93 7^-6.

Goetz, D. J., D. A. Hammer, M. El-
Sabban, and B. U. Pauli. 1993.
Adhesion of a metastatic cancer
cell line to organ-condition endo-
thelia under shear flow. Paper read
at North American Society of
Biorheology meeting, 29 March
1993, in New Orleans, LA.

Graham, M. D., U. Muller, and P.
H. Stem. (1992). Time-periodic
thermal convection on the Hele-
Shaw slots: The diagonal oscilla-
tion. Physics of Fluids A 4(11):2382-
93.

Gubbins, K E. 1993a. Application
of molecular theory and simulation
in natural gas-related physical
property research. Paper read at
Gas Processors Association Annual
Convention, 15 March 1993, in
San Antonio, TX.

. 1993b. Applications of mo-
lecular simulation. Fluid Phase
Equilibria 83:1-14.

. 1993c. Liquids and liquid
mixtures. Paper read at Sympo-
sium on Statistical Mechanics of

Fluids, 30 March 1993, in Oxford,
U.K.

. 1993*/. Molecular simulation
of fluid phase equilibria. Pure and
Applied Chemistry 65:935-40.

. 1993e. Molecular simulation
of phase equilibria. Paper read at
Conference of Dense Fluids, 25
March 1993, in Bristol, U.K.

Hammer, D. A. 1993. The dynam-
ics of neutrophil adhesion under
hydrodynamic flow. Paper read at
1993 Microcirculatory Society
Satellite Symposium on Venous
Microcirculation, 27 March 1993,
in New Orleans, LA.

Hand, B., T. Long, B. C. Dems, and
F Rodriguez. 1993. Reactive ion
etching of selected polymers in O2

and CF4O r Journal of Applied
Polymer Scimce 47:213 5^2 .

Hansm, D. A., M. J. Furjanic, L.-Q.
Xia, a n d / R. Engstrom. 1993.
Reactive scattering of Si2H6 from
the Si(100) surface. In Proceedings,
Chemical Perspectives on Microelec-
tronic Materials, ed. C. R. Aber-
nathy, C. W. Bates, D. A. Bohling,
and W. S. Hobson, vol. 3, pp. 549-
54. Pittsburgh, PA: Materials
Research Society.

Jiang, S., C. E Rhykerd, and K. E.
Gubbins. 1993. Layering, freezing
transition, capillary condensation
and diffusion of methane in slit
carbon pores. Molecular Physics
79:373-91.

Johnson, J. K., J. A. Zollweg, and
K. E. Gubbins. 1993. The Lennard-
Jones equation of state revisited.
Molecular Physics 78:591-618.

Koh, C. A., H. Tanaka, J. M.
Walsh, and K. E. Gubbins. 1993.
Thermodynamic and structural
properties of methanol -water
mixtures: Experiment, theory and
molecular simulation. Fluid Phase
Equilibria 83:51-58.

Kumaran, V, and D. L. Koch. 1993.
Properties of a bidisperse particle-
gas suspension. Part 1: Collision
time small compared with viscous
relaxation time. Part 2: Viscous
relaxation time small compared
with collision time. Journal of Fluid
Mechanics 247:623-41, 643-60.

Lastoskie, C, K. E. Gubbins, and N.
Quirke. 1993. Pore size distribu-
tion analysis of microporous
carbons: A density functional
theory approach. Journal of Physical
Chemistry 97:4786-96.

Mackie, A. D., E. M. OToole, D. A.
Hammer, and A. Z. Panagiotopoulos.
1993. Molecular simulation of self-

36 Cornell Engineering Quarterly



assembly in surfactant and protein
solutions. Fluid Phase Equilibria
82:251-60.

McCabe, W.J. C. Smith, and P.
Harriott. 1993. Unit operations of
chemical engineering, 5th ed. New
York: McGraw Hill.

O'Toole, E., and A. Z. Panagio-
topoulos. 1993. Effect of sequence
and intermolecular interactions on
the number and nature of low-
energy states for simple model
proteins. Journal of Chemical Physics
98:3185-90.

Orkoulas, G., and A Z. Panagio-
topoulos. 1993. Phase equilibria in
ionic systems from Monte Carlo
simulations with distance-biased
test particle insertions. Fluid Phase
Equilibria 83:223-31.

Stasiak, W, and C. Cohen. 1993.
Concentration fluctuations of
Brownian particles in a viscoelastic
solvent. Journal of Chemical Physics
98(8):6510-15.

Streett, W.B. 1993. The military
influence on American engineer-
ing education. Cornell Engineering
Quarterly 27(2):3-10.

Ward, M.D., and D. A. Hammer.
1993. A theoretical analysis for the
effect of focal contact formation
on cell-substrate attachment
strength. Biophysical Journal
64:936-59.

Xia, L.-Q., M. J. Furjanic, D. A.
Hansen, and J. R. Engstrom. 1993a.
Molecular beam studies of the
reaction of Si2H6 on silicon sur-
faces. Paper read at Gordon
Research Conference on Chemical
Reactions on Surfaces, 8-12
March 1993, in Ventura, CA.

. 1993b. Molecular beam
studies of the reaction of Si2H6 on
silicon surfaces. Paper read at
205th National Meeting, Ameri-
can Chemical Society, 28 March-2
April, 1993, in Denver, CO.

CIVIL AND
ENVIRONMENTAL
ENGINEERING
Cheng, C.-C, and M. Sansalone.
1993. The impact-echo response
of concrete plates containing
delaminations: Numerical, experi-
mental, and field studies. Materials
and Structures [RILEM] 26:274^85.

Deierlein, G. G. (1992). Research
and practice in the U.S. on hybrid
subassemblages and connections.

In Proceedings, U.S.-Japan Workshop
on Composite and Hybrid Structures,
ed. S. Goel and J. Yamanouchi, pp.
164-173. Ann Arbor, MI: Univer-
sity of Michigan.

Deierlein, G. G., M. L. Valenzuela,
and R. N. White. 1993. Multimedia
and case studies in structural
engineering. In Computer Applica-
tions in Engineering Education
1(2): 159-71.

Dick, R. I. 1993. Discussion of
"Mathematical model of the
hydroclone based on physics of
fluid flow" by K. T. Hsieh and R.
K. Rajamani. AIChE Journal
39:724.

Hover, K. C. 1993*. Air bubbles in
fresh concrete. Concrete Construc-
tion 38(2)148-52.

. \993b. Measuring air in fresh
and hardened concrete. Concrete
Construction 38(4):275-78.

. 1993c. Why is there air in
concrete? Concrete Construction

Iskandarami, M., and P. L.-F. Liu.
1993. Mass transport in a wave
tank. ASCE Journal of Waterway,
Port, Coastal, and Ocean Engineer-
ing, 119(l):88-104.

Kakuno, S., and P. L.-F. Liu. 1993.
Scattering of water waves by
vertical cylinders. ASCE Journal of
Waterway, Port, Coastal, and Ocean
Engineering 119(3):3O2-22.

Lion, L. W, B. R. Magec, and A. T
Lemley. 1993. Retardation of
dissolved soil organic matter and
its influence on mobility of poly-
cyclic aromatic hydrocarbons
(PAH). In Manipulation of ground-
water colloids for environmental
restoration, ed. J. F. McCarthy and
F. J. Weber, pp. 275-81. Ann
Arbor, MI: Lewis Publishers.

Lion, L.W, a n d M L. Shuler. 1993.
An integrated-structured model
for toxic trace metal-biofilm
interactions. In Proceedings, NSF-
CONICET Workshop on Biocorrosion
and Biofouling: Metal/Microbe
Interactions, pp. 72-82. Memphis,
TN: Buckman Laboratories
International.

J
Kostense, and M. W. Dingemano.
(1992). Propagation and trapping
of obliquely incident wave groups
over a trench with currents. Ap-
plied Oceanic Research 14:201-13.

Mei, C. C , and P. L.-F. Liu. 1993.
Surface waves and coastal dynam-
ics. Annual Review of Fluid Mechan-
ics 25:215-40.

Stauffer, T. B., and L. W Lion.
1993. Preliminary evidence for in-
situ enhanced phenanthrene
transport in column studies. In
Manipulation ofgroundwater colloids
for environmental restoration, ed. J.
F. McCarthy and F. J. Wobber, pp.
325-30. Ann Arbor, MLLewis
Publishers.

Valenzuela, M. L., G. G. Deierlein,
and R. N. White. 1993. A structural
engineering education image data-
base. In Proceedings, 5th Interna-
tional Conference on Computing in
Civil and Building Engineering, ed.
L. F Cohn, pp. 447-54. New
York: ASCE.

COMPUTER SCIENCE
Aizikowitz, J., T C. Bressoud, and T.
Lekas. 1993. The trainset railroad
simulation, ed. R. A. Brown and F
B. Schneider. Technical Report no.
93-1329. Ithaca, NY: Department
of Computer Science, Cornell
University.

Buckley, C , G. Salton, and J. Allan.
1993. Automatic retrieval with
locality information using
SMART. In Proceedings, 1st Text
Retrieval Conference, ed. D. K.
Harman, pp. 59-72. Washington,
DC: NIST Publications.

Clark, T.A., and K. P. Birman.
1993. Using the ISIS resource
manager for distributed, fault-
tolerant computing. In Proceedings,
26th Annual Hawaii International
Conference on System Sciences, ed. T.
N. Mudge and V. Milutinovic, pp.
257-65. Los Alamitos, CA: IEEE
Computer Society Press.

Mitchell, S. A. 1993. Mesh genera-
tion with provable quality bounds.
Technical Report no. 93-1327.
Ithaca, NY: Department of Com-
puter Sciences, Cornell University.

Reiter, M., K. Birman, and R. van
Renesse. 1993. Fault-tolerant key
distribution. Technical Report no.
93-1325. Ithaca, NY: Department
of Computer Sciences, Cornell
University.

Ricciardi, A. M , and K. P. Birman.
1993. Process membership in
asychronous environments. Tech-
nical Report no. 93-1328. Ithaca,
NY: Department of Computer
Sciences, Cornell University.

Rubinfeld, R., and R. Zippel. 1993. A
new modular interpolation algo-
rithm for factoring multivariate

polynomials. Technical Report no.
93-1326. Ithaca, NY: Department
of Computer Sciences, Cornell
University.

Van Loan, C. 1993. A survey of
matrix computations. In Handbooks
in OR and MS, ed. E. G. Coffinan,
et al., pp. 247-321. New York:
Elsevier.

Wood, M. D. 1993. Replicated
RPC using amoeba closed group
communication. In Proceedings,
13th International Conference on
Distributed Computing Systems, pp.
499-507. Los Alamitos, CA: IEEE
Computer Society Press.

ELECTRICAL
ENGINEERING
Aagard, M., and M. Leeser. 1993. A
methodology for reusable hard-
ware proofs. In Higher order logic
theorem proving and its applications,
ed. L. Claesen and M. Gordon,
pp. 177-96. Amsterdam: North
Holland.

Anantharam, V. 1993. Uniqueness
of stationary ergodic fixed point
for a •/M/K node. The Annals of
Applied Probability 3(1):154^72.

Chen, L.-Y., E. Santos, and N. C
MacDonald. 1993. An isolation
technology for joined tungsten
MEMS. In Proceedings, 6th IEEE
Workshop on Micro Electro Mechani-
cal Systems, pp. 189-94. Fort
Lauderdale, FL: IEEE Robotics
and Automation Society.

Cheng, J.-P, Y. J. Wang, B. D.
McCombe, and W.J. Schajf. 1993.
Many-electron effects on quasi-
two-dimensional shallow-donor
impurity states in high magnetic
fields. Physical Review Letters
70:489-92.

Ding, Z , R. A. Kennedy, B. D. O.
Anderson, and C. R. Johnson, Jr.
1993. Convergence of Sato blind
algorithm and generalizations
under practical constraints. IEEE
Transactions on Information Theory
39:129-44.

Eastman, L. F 1993/7. High fre-
quency modulation of semicon-
ductor lasers. Invited talk at
Stanford University, 25 January
1993, in Stanford, CA.

. \993b. High speed microwave
and optoelectronic devices. Paper
read at Princeton IEEE Section
Sarnoff Symposium, 26 March
1993, in Princeton, Nf.
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. 1993f. High speed optical
devices and their integration with
transistors. Paper read at SPIE
International Symposium on
Optoelectronic Packaging and
Interconnects, 18-2 0 January
1993, in Los Angeles, CA.

Libojf, R. L. 1993. Feasibility of
fusion of an aggregate of deuter-
ons in the ground state. Physics
Letters A 174:317-19.

Liboff, R. L., and S. R. Seidman.
1993. Density of states for a
weakly coupled disordered array.
Physics Review 5 47(19): 12,636-39.

MacDonald, N. C. 1993.
Nanostructures in motion. Paper
read at Annual Meeting, American
Association for the Advancement
of Science, 11-16 February 1993,
in Boston, MA.

Mihailovich, R. E., Z. L. Zhang, K
A. Shaw, and N. C. MacDonald.
1993. Single-crystal silicon tor-
sional resonators. In Proceedings,
6th IEEE Workshop on Micro Electro
Mechanical Systems, pp. 184—88.
Fort Lauderdale, FL: IEEE Ro-
botics and Automation Society.

Park, D. G.,J. M. Burlitch, R. E
Geray, R. Dieckmann, D. B. Barber
and C. R. Pollock. 1993. Sol-gel
synthesis of chromium-doped
forsterite. Chemistry of Materials
5:518-24.

Phillips, A., and M. Azad. 1993.
Approaches to optical switches.
Paper read at National Society of
Black Physicists meeting, 21-24
April 1993, in Tallahassee, FL.

Pitts, B. L, D. T. Emerson, and J. R.
Shealy. 1993. Gas phase reactions
of trimethylamine alane in low
pressure organometallic vapor
phase epitaxy of AlGaAs. Applied
Physics Letters 62(15):1821-23.

Pitts, B. L, M. Matragrano, D. T.
Emerson, D. Ast, and J. R. Shealy.
1993. Coherency limits of tetra-
gonal III-V in-containing alloys
and superlattices on GaAs and InP
substrates. Paper read at 20th
International Symposium on Gal-
lium Arsenide and Related Com-
pounds, 29 August-2 September
1993, in Freiburg, Germany.

Shaw, K. A., L. Zhang, and N. C.
MacDonald. 1993. SCREAM I: A
single mask, single crystal silicon
process for microelectromechani-
cal structures. In Proceedings, 6th
IEEE Workshop on Micro Electro
Mechanical Systems, pp. 155-59.
Fort Lauderdale, FL: IEEE Ro-
botics and Automation Society.

Torng, K C, and M. Day. 1993.
Interrupt handling for out-of-
order execution processors. IEEE
Transactions on Computers 42:122—
26.

Torng, H. C, H. Dwyer and D.
Marr. 1993. On instruction
windowing for fine grain parallel-
ism. In Proceedings, 1993 IEEE
International Conference on Comput-
ers and Communications, pp. 98-
104. Piscataway, NJ: IEEE Com-
munications Society.

Umemoto, Y., W.J. Schaff, H
Parkland, and L. E Eastman. 1993.
Effect of thermionic-field emission
on effective barrier height lower-
ing in InQ 52A1O 48As Shottky diodes.
Applied Physics Letters 62:1964-66.

Yao, J. J , S. C. Arney, and N. C
MacDonald. 1993. A fully-sus-
pended, movable, single crystal
silicon, deep submicron MOSFET
for nanoelectromechanical appli-
cations. In Proceedings, 6th IEEE
Workshop on Micro Electro Mechani-
cal Systems, pp. 117-22. Fort
Lauderdale, FL: IEEE Robotics
and Automation Society.

GEOLOGICAL
SCIENCES
Al-Saad, D., T. Sawaf, A. Gebran,
M. Barazangi, J. A. Best, and T. A.
Chaimov. (1992). Crustal structure
of central Syria: The intraconti-
nental Palmyride mountain belt.
Tectonophysics 207:345-58.

Alsdorfi D., M. Barazangi, R. Litak,
D. Seber, T. Sawaf, and D. Al-Saad.
1993. Structure of the Palmyride
Mountains: Euphrates depression
junction in central Syria. Paper
read at 1993 Spring Meeting,
American Geophysical Union, 24—
28 May 1993, in Baltimore, MD.
Abstract in EOS 74(16):203.

Beghoul, N., M. Barazangi, and B.
L. hacks. 1993. Lithospheric
structure of Tibet and western
North America: Mechanisms of
uplift and a comparative study.
Journal of Geophysical Research
98(2):1997-2016.

Best, J. A., M. Barazangi, D. Al-
Saad, T Sawaf, and A. Gebran.
1993. Continental margin evolu-
tion of northern Arabian platform
in Syria. American Association of
Petroleum Geologists Bulletin
77(2):173-93.

Edwards, R. L., J. W. Beck, G. S.
Burr, D. J. Donahue, J. M. A.
Chappell, A. L. Bloom, E. R. M.
Druffel, and F. W. Taylor. 1993. A

large drop in atmospheric 14C/12C
and reduced melting in the Young-
er Dryas, documented with 230Th
ages of corals. Science 260:962-68.

Fielding, E. J., B. L. Isaacs, M.
Barazangi, and C. Duncan. 1993.
How flat is Tibet? Paper read at
1993 Spring Meeting, American
Geophysical Union, 24—28 May
1993, in Baltimore, MD. Abstract
inEOS74(16):195.

Jordan, T. E., R. W. Almendinger, J.
F. Damanti, and R. E. Drake. 1993.
Chronology of mountains in a
complete thrust belt: The
Precordillera, 30-31°S, Andes
Mountains. Journal of Geology
101:135-56.

Litak, R. K, M. Barazangi, D.
Seber, D. Alsdorf, D. Al-Saad, T.
Sawaf, W. Al-Youssef, and M.
Khaddour. 1993. Tectonic history
of the intraplate Palmyride moun-
tain belt and surrounding regions,
Syria. Paper read at 1993 Annual
Convention, American Association
of Petroleum Geologists, 25-28
April 1993, in New Orleans, LA.

Seber, D., M. Barazangi, B. Aissa
Tadili, M. Ramdani, A. Iben-
brahim, D. Ben Sari, and S.
Otman El Alem. 1993. Sn to Sg
conversion and focussing along the
Atlantic margin, Moroco: Implica-
tions for earthquake hazard evalu-
ation. Paper read at 1993 Spring
Meeting, American Geophysical
Union, 24-28 May 1993, in Balti-
more, MD. Abstract in EOS
74(16):203.

Stein, M., G. J. Waserburg, P.
Sharon, J. H. Chen, Z. R. Zhu,^ .
L Bloom, and J. Chappell. 1993.
TIMS U-series dating and stable
isotopes of the last interglacial
event in Papua New Guinea.
Geochimica et Cosmochimica Acta
57:2541-54.

MATERIALS SCIENCE
AND ENGINEERING
Aggarwal, S., and R. Dieckmann.
1993. Influence of boundaries and
near-boundary regions on the
oxygen content of non-stoichio-
metric oxides. Paper read at 95th
Annual Meeting, American Ce-
ramic Society, 18-22 April 1993,
in Cincinnati, OH.

Calistri-Yeh, M., P. SilberzanJ. D.
Brock, E.J. Kramer, R. Sharma, W.
Zhao, M. H. Rafailovich, and J.
Sokolov. 1993. The temperature
stability of self-assembled mono-
layers from alkylsilanes. Paper read

at 1993 March Meeting, American
Physical Society, 22-29 March
1993, in Seattle, WA.

Dieckmann, R. 1993#. Defects and
transport in mixed oxides. Paper
read at DOE Program Review
Meeting, 10 March 1993, in
Bethesda, MD.

. 1993. Defects and transport
in non-stoichiometric oxides.
Paper read at University of Penn-
sylvania, 26January 1993, in
Philadelphia, PA.

Geray, R., M. Higuchi, and JR.
Dieckmann. 1993. Growth of
chromium-doped forsterite
(CnMg^iO^ single crystals with
high Cr4+ content. Paper read at
95 th Annual Meeting, American
Ceramic Society, 18-22 April
1993, in Cincinnati, OH.

Hill, J., M. Newhouse, J. Xue, and
R. Dieckmann. 1993. Preparation
of uniformly CaO-Doped Zirco-
nia. Journal of Materials Synthesis
and Processing l(2):101-09.

Jones, R. A. L., and E. J. Kramer.
1993. The surface composition of
miscible polymer blends. Polymer
34:115-18.

Keejfe, M. E., C. C. Umbach, andj .
Blakely. 1993. Atomic diffusion on
Si surfaces. Paper read at 1993
March Meeting, American Physi-
cal Society, 22-29 March 1993, in
Seattle, WA.

Lu, F.-H., and R. Dieckmann.
1993#. Point defects and cation
tracer diffusion in (Co, Fe, Mn)3

gO4 spinels. Paper read at 95th
Annual Meeting, American Ce-
ramic Society, 18-22 April 1993,
in Cincinnati, OH.

. 1993£. Point defects and
cation tracer diffusion in (Co, Fe,
Mn)3^O4 spinels: II. Mixed spinels
(CoxFezMn2 )3^O4. Solid State Ionics
59(l/2):71-82.

Lu, F.-H., P. Franke, C. S. Nichols.
and R. Dieckmann. 1993. Monte
Carlo simulation of cation trans-
port in spinel solid solutions.
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