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COMMENTARY

Submicron Structures:
A Microcosm of Modern Engineering

by Thomas E. Everhart
We live in a rapidly changing world, a
world of technology, a world of infor-
mation. We see dramatic changes in a
lifetime. A person eighty years old was
born during the infancy of the au-
tomobile, around the time of the first
flight of a heavier-than-air machine;
long-distance communication via tele-
graph and telephone had been demon-
strated, but electronic amplification
was still in the future. An eighty-year-
old person has lived through the inven-
tion of the vacuum triode for signal
amplification, the introduction of a
host of other vacuum tubes, the inven-
tion of the transistor, its evolution into
the integrated circuit, and the devel-
opment of our present very-large-scale
integrated (VLSI) circuits. Informa-
tion modulation has proceeded from
audio rates of a few kilohertz to rates of
a few gigahertz in operating computers
and to much higher frequencies in spe-
cialized apparatus.

With such rapid changes, what is
constant? What are the fundamentals
we should teach engineering students,
that will stand them in good stead as
they practice their profession? Fur-

thermore, what are research topics
that will have impact on the world of
the future, that a professor may advise
a doctoral student to investigate, rea-
sonably confident that the knowledge
learned will be important five to ten
years hence, and will form a solid
background for future advances?

To answer such questions, it is use-
ful to explore how similar ones were
posed and answered ten or twenty
years ago. Then the fundamentals of
mathematics and science—physics,
chemistry, some biology—were the
foundations upon which engineering
research and design were based. This
is no less true today. We use more
sophisticated tools to achieve our
goals more quickly and more accu-
rately, but the understanding of a prob-
lem and its statement, and the judg-
ment as to whether the solution is
reasonable, depend on a scientific and
engineering knowledge built on the
same fundamental foundations. What
makes the current scene different is
that edifices built on these foundations
change more rapidly over an individu-
al's lifetime.

We cannot (and do not want to)
prevent this change. As educators,
what we hope is that we can provide
solid foundations that will serve for
any of the new edifices. As engineers,
applying science to the needs of soci-
ety, we also need to understand hu-
mans, both collectively and in-
dividually—to understand human
motivation and economic viability,
and to be able to forecast what society
will need from us.

THE SIGNIFICANCE OF
SUBMICRON TECHNOLOGY
Specialists need to examine their par-
ticular areas of learning and research in
terms of these long-range objectives.
Those of us involved in submicron-
structure fabrication, for example,
might question how enduring this is
likely to be as a field of research, and
how likely it is to contribute knowl-
edge with long-lasting applications.
The answers involve first, a long-term
trend—our movement as a society into
the information age—and second, an
observation about what sort of scien-
tific knowledge is fundamental.



"There is something very fundamental
in extending human knowledge
of a dimension

There is no doubt that we use infor-
mation more and more in modern soci-
ety. As information increases, the
speed at which it is processed and
communicated must increase in order
to accommodate the flow of informa-
tion efficiently and economically. In-
formation cannot be communicated
faster than the velocity of light, which
is about one foot per nanosecond (one
nanosecond is one-billionth of a sec-
ond), and therefore if any informa-
tion-processing device (computer) is to
operate rapidly, it must be small
enough so that the time required for
information to travel from one part to
another is not a limitation. When we
think of the many millions of process-
ing elements in a large computer, we
are led inexorably to the conclusion
that the entire computer, and hence the
elements in it, must be reduced to a
very small physical size. A fundamen-
tal advantage of integrated circuits is
that they can be made with submicron
features, and in fact, much of the drive
in circuitry and device development
has been toward size reduction. When
the devices are smaller, more of them

can be placed on a given area, and the
results are more computing power per
manufactured circuit, improved per-
formance, reduced manufacturing
cost, and generally improved reliabil-
ity. These are impelling objectives,
and they ensure the preeminence of
research and development in submi-
cron structures. Of course, the drive
toward smallness pushes against other
important considerations, such as
signal-to-noise and power-density lim-
its, and to accomplish results that
satisfy all the criteria, researchers and
developers need a fundamental under-
standing of materials, electronics, and
communications.

The second reason I believe that
submicron-structure fabrication will
have long usefulness and significant
influence on society comes from an
observation: There is something very
fundamental in extending human
knowledge of a dimension, whether it
is a spatial dimension or time. When
Christopher Columbus sailed to dis-
cover the new world, he extended
knowledge of the dimensions of our
planet (and helped establish in the

popular mind that the earth is a sphere,
not a flat plate). When the light micro-
scope was discovered, and sub-
sequently improved, new worlds
opened as our ability to explore and,
more recently, to build at new dimen-
sional scales developed. Similarly, the
electron microscope provided much
information about the inner structure
of materials and biological cells and
organisms. The scanning electron mi-
croscope has enabled us to see micro-
structures in their natural three-
dimensional perspective, and related
instruments have enabled us to
analyze the materials in these struc-
tures and even to use chemical and
physical processes to create artifacts
smaller than any ever before made.
The cathode-ray oscilloscope has al-
lowed us to "view'' time more exactly,
and to design faster devices. New fun-
damental knowledge seems always to
be learned as we extend the human
province over new dimensional
ranges, whether through better tele-
scopes or better microscopes, and
hence we are sure that what we learn
and subsequently teach about



'. . . one of the most important trends
of the last several years

has been the increasing interaction
of industry and academia/'

submicron-structure fabrication will
contribute to the store of basic
kno wedge.

INTERACTION BETWEEN
EDUCATION AND INDUSTRY
As we study and then make, we also
make and then study. In submicron
research, the structures we fabricate
are themselves so novel that they bear
further investigation, and they also
provide us with tools to study other
naturally occurring or artificially fabri-
cated small structures. Just as the in-
dustrial revolution produced ma-
chinery, mechanisms, and processes
that required further study and more
refined tools, so does the information
revolution. Cornell, with its national
submicron facility, its Semiconductor
Research Corporation program, and
its Materials Science Center, is in the
midst of this action.

Here at Cornell we are also involved
with applications of the information
revolution. In current research pro-
grams, for example, we are studying
materials, the earth, and the stars using
techniques that depend in part on

high-speed computation. We are
teaching our students how structures,
circuits, and processes can be studied
and then designed quickly and effec-
tively using equipment and techniques
such as those provided in our
Computer-Aided Design Instructional
Facility (C A DIF).

The contributions of academia have
some intrinsic limitations, however.
Although university people generate
new ideas, propose new devices, and
improve old processes or create new
ones, they do not manufacture the
products that embody these creations.
That is why it is important for educa-
tional institutions to have alliances
with industry. Indeed, one of the most
important trends of the last several
years has been the increasing interac-
tion of industry and academia.

Our experience at the Cornell Col-
lege of Engineering is a good example.
Representatives of several hundred
corporations come to our campus each
year. Many firms support us with gifts
of equipment, cash, or research grants
and contracts. Ideas generated here
are developed by industry and made

available to society in general, and in
turn, we get many new ideas for re-
search and better teaching through
these interactions. The partnership
benefits all concerned. Industry de-
pends on engineering institutions such
as ours for basic research and for per-
sonnel capable of developing it, and
increasingly, corporations contribute
to the quality of education we provide
and to our research productivity.

U.S. INDUSTRY AND
ITS SOCIETAL BASE
The practical value of a research and
development program such as the one
in submicron-structure fabrication ul-
timately depends on its benefits to
society, and for the people of the
United States, this entails economic
success of products. If United States
products are to compete successfully
in the international arena, they must be
not only better in design, but manufac-
tured efficiently and with high stan-
dards of quality. In short, they must
compare favorably with the best from
any nation. If they do not, we lose
sales of goods (or services), our tax 4



base goes down, and our people lose
jobs at the same time that our govern-
ment loses the ability to help them in a
time of difficulty. Education suffers,
too, because a poor society in time will
beget poor educational institutions.

As a society, we have to examine
our practices, our institutions, and
even our underlying sense of values,
and determine whether we are agreed
on a common set of assumptions on
which a stable, viable, and effective
society can continue to be built. Such
ideas are not the province of engineers,
of course. They are the responsibility
of every person in society, including
the engineers. The problems are too
important to be left to politics, al-
though political leadership is needed
for their resolution. They are too im-
portant to be left to academia, to labor
or management, to the legislative or
the executive branches of government;
and they cannot be solved by popular
vote, but rather through a consensus of
all parts of society, as groups and as
individuals. In terms of a sports anal-
ogy, we need to agree that we are
involved in a very important game, and
if we play by rules that are outdated or
incorrect, or if another team uses dif-
ferent rules or has better training prac-
tices, we could (and perhaps should)
lose.

What comes to mind, of course, is
the industrial success of the Japanese
nation in recent years. Why has this
homogeneous people, living on an is-
land with few natural resources, ac-
complished such high productivity in
electronics and automobiles, as well as
in basic industries such as steel? While
much has been said about robotics and

5 manufacturing organization, less has

been said about the excellent educa-
tional system in Japan, and about
societal factors such as the national
attitudes regarding problem resolu-
tion, the loyalty that individuals show
to a corporation, and the importance
individuals place on meeting their re-
sponsibilities.

In the world competition to produce
goods and services, the United States
has no monopolies. Rapid change of
the sort taking place today is an oppor-
tunity for us—and for many other na-
tions; whoever seizes the opportuni-
ties most quickly and utilizes them best
will win in the competition. Technol-
ogy is essential, but so is organization,
cooperation, ingenuity, human under-
standing, and hard work. For the sake
of our competitive stance, and the
larger concerns of the health and well-
being of our society, the United States
and its citizens would do well to con-
sider the value of cooperative effort,
the social context of our enterprises,
and the integrity of our underlying
national purpose.

We believe the national submicron
facility, like other facilities at Cornell,
supports both our university goals and
our national goals. We welcome the
cooperation and support of govern-
ment and industry, as well as individu-
als, to accomplish these goals. To-
gether, we lay important foundations
for the technology needed tomorrow
by science and engineering for continu-
ing basic research, as well as for indus-
trial development and production.

Thomas E. Everhart has been dean of the
College of Engineering since early 1979,
when he came to Cornell from the Univer-
sity of California at Berkeley. An electrical
engineer and specialist in electron optics
and electron physics with long experience
in teaching, research, and consulting, he
writes with authority on the broad aspects
of submicron-structure fabrication.

Everhart earned the A.B. degree in
physics (magna cum laude) at Harvard
University, the M.Sc. in applied physics at
the University of California at Los
Angeles, and the Ph.D. in engineering at
Cambridge University, England, where he
was a Marshall Scholar and helped de-
velop the scanning electron microscope.
He was a member of the Berkeley faculty
for twenty years and served as chairman of
the Department of Electrical Engineering
and Computer Science there. As a Na-
tional Science Foundation postdoctoral
fellow, he conducted research at the In-
stitii't fur Angewandte Physik in West Ger-
many, and later as a Guggenheim fellow he
spent a year both at Cambridge and at
Waseda and Osaka Universities in Japan.
He is a member of the National Academy
of Engineering, a fellow of the Institute of
Electrical and Electronics Engineers, and
a past president of the Electron Micro-
scopy Society of America.



A MICROELECTRONICS GLOSSARY*

semiconductor: a solid material such as silicon, germanium, or
gallium arsenide, whose electrical conductivity can be modified
by many orders of magnitude by introducing suitable impurities
into it.

integrated circuit (IC): an electronic circuit containing active
electronic components and their interconnects on the same
silicon chip.

LSI: large-scale integration of active devices (200 to 20,000) on a
single chip.

VLSI: very-large-scale integration of active devices (20,000 or
more) on a single chip.

resist: a film of polymer that is spun on a silicon wafer and
chemically altered by a process of selective irradiation to define
a pattern.

lithography: the definition of a pattern in a layer of solid material
by exposure to light, electrons, or ions; the images can have
positive or negative tone, as in photography.

etching: removal of parts or entire layers of solid material; based
on wet chemistry or dry plasma exposure.

doping: introduction of impurities into semiconductor in order
to change the electrical conductivity; both the number of
negative charges (electrons) and the number of positive charges
(holes) can be changed by many orders of magnitude by
doping.

p-n junction: an internal interface in a semiconductor where two
oppositely doped areas meet; n denotes the doped area with an
enhanced electron concentration and p the area with an en-
hanced hole concentration.

heterojunction: the interface between two semiconductor layers
that have a difference composition (e.g., gallium arsenide and
gallium aluminum arsenide).

epitaxy: growth of a crystalline solid film over another piece of
solid material.

"prepared by G. McConkey and J. P. Krusius

gate: a metallic or metal-insulator type area that controls the
amount of charge flow (electrons or holes) in an active elec-
tronic device.

transistor: an active semiconductor device that can either
amplify an electronic signal or act as an electronic switch.

bipolar transistor: a transistor made of three semiconducting
layers of alternating polarity (n-p-n or p-n-p); the electric
charges move from the emitter (n- or p-) to the collector (-n or
-p) and are modulated by the base (-p- or -n-); both types of
charges (electrons and holes) participate in the transistor
action.

field-effect transistor (FET): a transistor in which the charge flow
from the source to the drain is controlled by an electric field
applied to a gate structure inserted between source and drain;
only one type of charge (electrons or holes) makes a transition
from source to drain; the charge flow occurs in the channel, a
region under the gate.

MESFET: a field-effect transistor with a metal-semiconductor
structure serving as the controlling gate for the current.

MOS: metal-oxide-semiconductor assembly that is used both as
a control gate for FETs and as a plate capacitor for charge
storage.

MOSFET: field-effect transistor with a MOS control gate.

NMOS: MOSFET device or circuit with electrons as the charges
moving from the source to the drain.

PMOS: MOSFET device or circuit with holes as the charges
moving from the source to the drain.

CMOS: complementary MOS circuit, containing both NMOS
and PMOS devices integrated on the same chip.

BC-MOSFET: buried-channel MOSFET, a device with charges
flowing from the source to the drain inside the semiconductor
at some distance away from the oxide-semiconductor interface.

SC-MOSFET: surface-channel MOSFET, a device in which the
moving charges are confined to a thin region immediately
adjacent to the oxide-semiconductor interface.



ULTRASMALL FEATURES

Key to the Future Development
of VLSI Technology

by I. Peter Krusi us
Understanding and controlling the
geometric and electronic characteris-
tics of ultrasmall structures is the basic
requirement for developing the elec-
tronic hardware of the future. A goal of
current research and development is to
produce silicon chips with as many as
thirty million devices packed onto
their half-inch-square surface area.
The components will have feature di-
mensions in the range of 100 nanomet-
ers (nm), which is 100 X 109 meter.

At Cornell, investigators in the
VLSI (very-large-scale integration)
technology group, which I direct, are
exploring the science and technology
of semiconductor devices and inte-
grated circuits for future generations of
VLSI applications. The approach is
both experimental and theoretical, for
new physical models, mathematical
methods, and tools for computer-aided
design (CAD) must be developed for
processes, devices, and circuits.
Major parts of the work constitute one
of the central projects in the inter-
departmental Cornell Program on
Microscience and Technology, which
is supported by the Semiconductor

Research Corporation (SRC), a con-
sortium of American semiconductor
and systems companies. Additional
support comes from the National Sci-
ence Foundation and industrial spon-
sors via the National Research and
Resource Facility for Submicron
Structures (NRRFSS).

Our main focus at the present time is
an exploration of new individual pro-
cesses and full fabrication sequences
for metal-oxide-semiconductor (M OS)
devices and circuits of both the
N-channel (NMOS) and the com-
plementary (CMOS) types (see "A
Microelectronics Glossary" oppo-
site). The processes we are developing
use such techniques as electron-beam
lithography, dry plasma etching (see
the article in this series by Edward D.
Wolf and Ilesanmi Adesida), ion im-
plantation, and thin-film growth and
deposition (see the article by Lester F.
Eastman).

We are also concerned with the
characterization and analysis of the
properties of these ultrasmall struc-
tures, and this too requires innovative
approaches and new methods because

of the small geometrical size and the
associated low electronic signal levels
in measurements.

A third important aspect of the pro-
gram is the development of CAD
tools, which have become indispens-
able because the fabrication processes
necessary for realizing the specified
characteristics are increasingly com-
plex. These processes may have tens
of interrelated parameters.

NEW EQUIPMENT FOR
A VIGOROUS PROGRAM
Most of the facilities for this research
were already available at NRRFSS or
in departmental laboratories at the
University. Additional equipment is
being introduced by the VLSI tech-
nology group as part of the facility-
development program at NRRFSS.

A major accomplishment this year
was the installation ofaTHERMCO
furnace system capable of preparing
thin films of materials by any of four
basic thermal processes. Process
gases of the highest purity, supplied by
AIRCO, are used throughout. With
this system, a process based on dry
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Right: A four-chamber THERMCO fur-
nace is used to prepare materials for pro-
cessing metal-oxide semiconductor (MOS)
structures.

HC1 can be used to produce high-
quality thermal silicon dioxide films
with thicknesses down to 10 nm; these
films serve as insulators for MOS con-
trol structures and storage elements.
Thicker high-quality thermal oxides
can also be grown by a process in
which the gas source for chlorine is
trichloroacetylene; these oxides are
used for dielectric isolation structures
between individual semiconductor de-
vices that are on the same chip. The
THERMCO system is also used for a
chemical vapor deposition (CVD)
process by which silicon nitride films
are deposited under reduced pressure;
these films are used in advanced sili-
con processing for a variety of tasks
such as the control of ion diffusion, the
fabrication of sidewall spacers for ion
implantation, and passivation of sili-
con chips as protection against en-
vironmental effects. In addition, the
furnace can be used to anneal substrate
materials in an atmosphere that is
sealed and inert.

A computer-controlled system for
characterizing semiconductor devices
is being set up, and software for it

developed, in programs supported by
the Hewlett Packard Company and
carried out jointly with Jeffrey Frey's
group (see Frey's article in this series.)
The School of Electrical Engineering
has been able to greatly enhance its
computational resources by the recent
addition of two Digital Equipment
VAX computers (11/780 and 11/750)
and one Data General MV 8000 com-
puter. Simulation and analysis work
that was earlier carried out on the
Harris S123 minicomputer has been
largely transferred to these new, more
powerful computers. The addition of a
VAX 11/750 computer at NRRFSS
has made it possible for researchers in
that laboratory to use a new software
package, MOS-MANAGER, which
we developed for clean-room man-
agement and supervision.



Figure 1

A NEW SWITCHING DEVICE
FOR VLSI CIRCUITS
One of the early accomplishments
of the VLSI technology group was
the development of a full technology
for fabricating a silicon metal-semi-
conductor field-effect transistor
(MESFET) for logic devices. This
technology is based on electron-beam
lithography, ion implantation, dry
etching, and techniques for fabricating
ohmic contacts and Schottky gates.
(These gates, made of refractory metal
silicides, control the movement of
electrons.)

A cross section of a representative
switching device made according to
this technology is shown in Figure 1.
This device has a gate length of 500 nm
and a very short delay time, on the
order of 150 picoseconds per gate. It
can be fully integrated into a VLSI
circuit on a silicon chip. Several
small-scale integrated circuits, such as
logic gates, ring oscillators, and
divide-by-N counters, were im-
plemented with this logic technology.

At the same time the group was
working on this fabrication technol-

Figure J. A scanning-electron micrograph
of a cross section of a silicon MESFET
logic device fabricated at Cornell by Jaime
Nulman and J. Peter Krusius. The
minimum feature size is the gate length of
500 nm. In order to show the cross section,
the chip was cleaved and selectively etched
before the micrography was done.

Figure 2. The simulated doping profile of a
surface-channel MOSFET device, pre-
sented as a three-dimensional plot. The
drawn gate length is300 nm, but because of
lateral scattering and diffusion, the final
metallurgical gate length is about 200 nm.
This profile was obtained with the process
simulator CUSTOM developed at Cornell
by B. Nassre Esfahani and J. Peter
Krusius.

ogy, we also developed the first
three-dimensional simulator for semi-
conductor processing. The software
program, CUSTOM, is used to de-
scribe coupled steps for implanting and
diffusing ions with the use of arbitrary
mask profiles or—when focused ion
beams are employed—under maskless
conditions. As an example, the simu-
lated doping profile for a MOSFET
device is shown in Figure 2. This de-
vice has a metallurgical channel length
of 200 nm along the path of the elec-
trons from the source to the drain.

A computer-aided tool for the design
and analysis of MESFET devices was
also developed. The starting point for
this program was the Cornell computer
program CUPID (see Frey's article).
The upgraded device physics that is
incorporated into this new CAD tool
allowed the behavior of the MESFET
devices in Figure 1 to be simulated
with excellent accuracy.

Figure 2

NEW METHODS AND TOOLS
FOR DEVICE FABRICATION
The fabrication of the 500-nm MES-
FET devices and circuits was based on
scaled-down but established process-
ing techniques. Our current efforts,
aimed at further size reduction, require
new processes. We are now working
on devices with gate lengths as short as
100 nm: silicon MESFETs, surface-
channel MOSFETs(SC-MOSFETs),
and buried-channel MOSFETs
(BC-MOSFETs). The important dif-
ference between these two types of
MOSFETs is the speed with which
electrons move within them. In the
surface-channel devices, the electrons
are confined to the interface between
the silicon dioxide layer and the silicon
substrate. In the buried-channel vari-
ety, the electrons travel from the
source to the drain, at some distance
from the interface. Since the electrons
can achieve a greater velocity in de-
vices of this type, BC-MOSFETs
have a potential for higher-speed oper-
ation than is attained with the more
conventional SC-MOSFETs.

Innovative research on processing is



Figure 3 Figure 4 Figure 5a

an essential part of the program. An
example is the development of a novel
patterning technique that is suitable for
creating patterns with the ultrasmall
dimensions required for future de-
vices. The initial lithography is done
with an electron beam, in the usual
manner, by drawing a pattern in a
positive-tone polymer resist. Removal
of the exposed (more soluble) polymer
creates a window through which an
underlying film of aluminum can be
reached. An etch mask is created by
exposing the aluminum under the win-
dow to the oxidizing action of plasma
at low temperature, and this oxide
mask is used in subsequent etching of
the underlying aluminum and other
layers. The oxide pattern is of the
original tone, but since the oxide
etches very slowly in comparison with
the unoxidized aluminum, image re-
versal occurs during the etching. Fea-
tures as small as 100 nm have been
transferred—examples are shown in
Figures 3 and 4. A patent on the inven-
tion has been filed.

We are also exploring a way of re-
placing the currently used techniques

Figure 3. An optical micrograph of a sili-
con chip with buried-channel MOSFET
devices and circuits. The chip area is 1 X 1
mm and the smallest feature size (the
gates) is 200 nm. The magnification is only
about 100X, and therefore the lines less
than 1 micrometer (1,000 nm) wide are not
well resolved. This particular chip consists
of an insulating sapphire substrate with a
thin silicon film that carries the active
devices and interconnects. The circuit
labeled Rl is a five-stage ring oscillator
with two logic inverters loading each gate;
it has minimum-gate-length MOSFETs.
The other elements shown include test
structures, devices, and more circuits. This
chip was fabricated at NRRFSS by Jaime
Nulman and J. Peter Krusius.

Figure 4. Detail of the gate-level layer for
the ring oscillator of Figure 3. This micro-
graph shows the line of the 200-nm-wide
and 1,000-nm-tallgate, which serves as the
control structure for one BC-MOSFET
device.
Figure 5. Profiles of electron density (a),
hole density (b), and electrochemical po-
tential (c) of the SC-MOSFET device of
Figure 2. These three-dimensional plots
were obtained with the finite-element
simulator SEMIFEM by Monte Manning,
John Scarpulla, and J. Peter Krusius.
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for isolating circuit elements from each
other on the silicon chip. These tech-
niques depend on local oxidation of
silicon to form a dielectric barrier of
silicon dioxide. One alternative is
based on an anodic process, carried
out in an electrolyte of hydrogen
fluoride and water, in which silicon is
first converted to a porous form and
then oxidized at a low temperature.
(Our investigation of this process is
supported by IBM.) Another alterna-
tive is to form the dielectric structure
by suitable backfilling of dry-etched
trenches in the silicon.

Of course, characteristics of the
MOS structure itself have an impor-
tant bearing on what can be accom-
plished. Downscaling requires the
formation of insulators that are ul-
trathin (on the order of 100 A thick),
free of holes, and dielectrically strong,
and conductors that have low resistiv-
ity and do not introduce diffusing ions
into the thin oxide. One of our goals is
to achieve the necessary conduc-
tivities, which are much larger than
those currently obtained with doped
polysilicon. We are exploring the use
of metal silicides and pure refractory
metals as materials suitable for very-
small-scale device fabrication.

TOWARD A 200-NM-SCALE
NMOS TECHNOLOGY
Our understanding of individual pro-
cesses and how to control them is now
being used in establishing a full fabrica-
tion technology for NMOS devices
with features on a size scale of 200 nm.
Initial design of devices and circuits is
in progress.

Device design is based on a
11 simulator called SEMIFEM that orig-

inally came from the Swedish Royal
University of Technology and was
adapted at Cornell. A finite-element
simulator, SEMIFEM is capable of
handling the nonrectangular geome-
tries of small devices. We are reevalu-
ating and upgrading the underlying de-
vice physics and the associated models
to make the program suitable use at
very small feature sizes. Examples of
simulation results—for electron den-
sity, hole density, and electrochemical
potential of the SC-MOSFET of Fig-
ure 2—are given in Figure 5.

We are now fabricating test struc-
tures and individual devices in order to
refine processes, devices, measure-
ment techniques, and CAD tools. The
next step will be to design, fabricate,
and evaluate circuits. We will start
with elementary circuits, such as logic
elements and memory cells, and pro-
ceed to complex circuits. The ultimate
goal is to serve an ambitious research
program that is now being defined in
discussions between the Semiconduc-
tor Research Corporation and Cornell.
Our task will be to develop elements of
a 16-megabit dynamic memory that
would increase the capacity of a single
memory chip by a factor of 250.

Fundamental physical studies, new
equipment and software, and the ac-
tual fabrication and analysis of devices
are all part of the comprehensive pro-
gram of Cornell's VLSI technology
group. The future of VLSI applica-
tions, of integrated semiconductor
circuits in general, and hence of the
electronics industry in this country,
depends on the kind of fundamental
and innovative research performed
here at Cornell in this and related
programs.
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J. Peter Krusius, associate professor of
electrical engineering, is a specialist in the
physics and technology of VLSI and sub-
micron structures. He came to Cornell in
1979 to work at the National Research and
Resource Facility for Submicron Struc-
tures (NRRFSS), first as a Fulbright fellow
and then as a research associate and lec-
turer in electrical engineering: he has been
a regular member of the faculty since 1981.
He coordinated the Cornell proposal to the
Semiconductor Research Corporation that
resulted in the initial one-million-dollar
funding for the recently established Pro-
gram on Microscience and Technology.

A native of Finland, Krusius studied at
the Helsinki University of Technology for
the Diploma Engineer, granted in 1969, the
Licentiate of Technology in 1972, and the
Doctor of Technology in 1975. He served as
a postdoctoral fellow in solid-state physics
at Dortmund University in West Germany,
and then returned to the university in Hel-
sinki as a lecturer and engineer in the
Electron Physics Laboratory. Concur-
rently, he was a senior research associate
at the Semiconductor Laboratory of the
Technical Research Center of Finland in
Otaniemi.



SMALL-SCALE PHYSICS FOR
LARGE-SCALE ELECTRONIC CIRCUITS

byjeffrey Frey
Because future generations of VLSI
(very-large-scale integrated) circuits
will have to provide faster operation
and more functions at a given cost, the
physical size of their components must
be smaller. Size reduction of electronic
devices is therefore a major concern of
designers and researchers.

As these devices shrink in size, new
problems arise. When critical dimen-
sions are well below a micrometer (a
millionth of a meter, often called a
micron), unexpected circuit elements,
known as parasitics, become trouble-
some. Further, many approximations
used to solve problems in classical
solid-state physics—approximations
that have facilitated the design of cur-
rent devices—become too divorced
from reality in this size range, and must
be abandoned.

To tackle these problems, re-
searchers need to acquire a basic un-
derstanding of the physics lying behind
the operation of very small devices; to
be effective, experimental studies
must be illuminated by the simulation
of physical processes with the use of
computers.

BEHAVIOR OF ELECTRONS
IN VLSI DEVICES
For some years, our research group at
Cornell has been using both
computer-aided simulation and exper-
imental test structures to study the
physics of submicron devices. Early
work in two-dimensional device simu-
lation included the development of the
Cornell University Program for Inte-
grated Devices (CUPID), which is
suitable for describing the physics of
the small silicon and gallium arsenide
(GaAs) transistors now being designed
into VLSI circuits. CUPID is not,
however, adequate when the dimen-
sions of devices are less than a micron
because it does not incorporate device
physics completely enough.

To meet this need, we have devel-
oped a more complex program,
COOPID, which properly describes
phenomena that occur in materials
such as GaAs when device dimensions
are very small. For example, the en-
ergy exchange between electrons and
the electric fields in devices may take a
time on the order of several
picoseconds; and although such a time

is negligible in terms of today's de-
vices, it becomes a significant fraction
of the device switching speed as the
physical size decreases to the submi-
cron level. In materials like GaAs elec-
trons can travel much faster than they
can in larger devices, and our work is
intended to show how to utilize that
speed in the design of fast devices.

The ability of COOPID to describe
phenomena that occur in extremely
short times in GaAs is demonstrated in -
Figure 1, which compares COOPID
results with those of the simpler pro-
gram CUPID. The figure shows that
COOPID is able to reveal the
performance-enhancing effects of
electron transport in very small de-
vices. Measurements with experi-
mental devices bear out the validity of
the COOPID simulation.

COMPUTER SIMULATION
FOR TWO KINDS OF DEVICES
Although somewhat different short-
time-scale effects occur in bipolar and
metal-oxide-semiconductor (MOS) de-
vices based on silicon—those most
commonly used for VLSI circuits—we 12



Figure 1. Describing the physics of devices
with sub micron dimensions.

a. Plots comparing two Cornell-developed
programs for simulating physical pro-
cesses in very fast gallium arsenide de-
vices. The parameter that is illustrated is
the electron velocity, which is more accu-
rately represented by COO PI D than by
CUPID. The "gate" is the electrode that
controls the electron flow in the device. The
very large electron velocity predicted by

Figure la

COOPID implies that devices of this type
should operate at very high speeds.

b. A three-dimensional plot similar to
those generated by computer in the Cornell
research project. The parameter illustrated
is electron velocity, as in Figure la. and the
program used is COOPID. The view is
down into the inside of a "box" represent-
ing the inside of a transistor. The data show
the electron velocity at five different depths
within the device.

Figure 1b
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are bringing the techniques developed
for the design and analysis of GaAs
devices to the silicon world.

Bipolar devices are created in silicon
by introducing impurities into certain
regions. One result of the very high
concentrations of impurities that must
be used in many parts of the device is a
modification of the energy band struc-
ture, called band-gap narrowing.
Also, the time it takes electrons to
cross the active regions of these de-
vices becomes comparable to the pico-
second time scale of basic physical

processes. Because of effects like
these, we are developing simulation
techniques that incorporate the appro-
priate physical effects.

The modeling of submicron-scale
MOS devices is being studied in two
ways. First, we are assessing currently
available two-dimensional modeling
programs in order to establish what
types of devices and what types of
analyses each of these programs is best
suited for. In addition, we are examin-
ing the physics of electron transport in
the very thin layers—just beneath the

device surface—into which the "im-
portant" electrons are compressed.
Eventually, we hope to be able to
enhance the simulation programs now
available for MOS devices, since these
are generally semi-empirical and do
not properly incorporate the physics of
electron transport.

Our work with both MOS and bipo-
lar devices is facilitated by automated
test equipment that enables us to com-
pare experimental and theoretical re-
sults. This equipment was provided by
Hewlett-Packard at no cost to Cornell,
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as part of a cooperative program that
will make Cornell a center for the
development of characterization
methods for VLSI devices. Experi-
mental devices used in the studies are
fabricated both in the National Re-
search and Resource Facility for Sub-
micron Structures (NRRFSS) at Cor-
nell, and by cooperating industries.

REDUCING THE EFFECTS
OF PARASITIC ELEMENTS
The parasitic elements which I men-
tioned as troublesome in devices with
submicron dimensions are a problem
particularly in the circuit family known
as Complementary MOS, or CMOS.
In these circuits, both p-channel and
n-channel (positive-conductor and
negative-conductor) devices are used
in a way that reduces power consump-
tion to very low levels. In fact, truly
portable computers will be possible
only with CMOS VLSI.

Unfortunately, the use of both
p-type and n-type silicon regions
makes it very easy for unwanted bipo-
lar transistor elements to be formed
accidentally in the circuit. With certain

combinations of bipolar device
parameters and applied voltages, these
transistors can become active, result-
ing in a short circuit between the power
supply and ground. Such a connection
could cause the circuit or the power
supply to burn out, or at least require
that the whole system be turned off so
that proper functional operation can be
restored. This phenomenon is called
latch-up. Figure 2 shows a typical cir-
cuit path that can lead to latch-up.

To help designers of integrated cir-
cuits reduce the effects of latch-up, we
are developing a program called
PATHFINDER (for PATHological
element FINDER), a computer-aided
design (CAD) tool that identifies
parasitic elements on the basis of both
horizontal geometry (that is, circuit
layout) and vertical geometry (process
variables). PATHFINDER locates
not only the active parasitic elements
in CMOS circuits, but also the passive
ones, including resistances and capaci-
tances, and it can analyze ordinary
MOS and bipolar circuits as well as
CMOS circuits. The output of
PATHFINDER is a circuit diagram 14



Figure 2. A diagram of a circuit path that
includes unwanted parasitic elements. The
path in color indicates where unintentional
bipolar transistors will exist. The Cornell
program PATHFINDER helps designers
reduce the effects of this phenomenon,
called latch-up.

showing the integrated circuit as it was
designed, plus all the important para-
sitic elements. This equivalent circuit
can then be analyzed using standard
circuit-simulation programs.

NEW POSSIBILITIES WITH
VERY SMALL DEVICES
Knowledge of how circuit elements
behave is basic not only to size reduc-
tion in the kinds of devices now being
made, but to a new technology con-
cept, that of truly three-dimensional
integrated circuits. We are exploring
this concept.

In such circuits, layers of active
devices, such as transistors, are
stacked upon each other with thin in-
sulating layers between, in a sort of
club-sandwich fashion. The great flex-
ibility of both vertical and horizontal
connections that this kind of structure
makes possible could lead to tremen-
dous advances in the ways computers
are designed. Applications would be
wide-ranging, for such components as
systolic processors, interleaved mem-
ory and logic circuits, and integrated
sensors and data processors. Superfast
computers and pattern recognition
may be made possible. Although such
a three-dimensional circuit is still a
concept—only limited experimental
results on two-level circuits have been

15 achieved so far—the payoff for suc-

cess in developing it would be very
large.

Essential to the realization of these
and all types of VLSI circuits with
very small devices is a thorough un-
derstanding of the underlying physics.
Details of device operation that were
once ignored or approximated away
must be considered in the design of the
coming generations of circuits. Our
study of submicron-scale physics is
therefore both fundamental and highly
practical.

The basic-research atmosphere at
Cornell, and the access to our excel-
lent facilities, makes this an ideal place
for such studies. We have the capacity
to actually fabricate experimental
submicron-scale structures in the
NRRFSS laboratory, to simulate them
on DEC, DG, Harris, HP, and IBM
computers in the School of Electrical
Engineering, and to test them in our
new Hewlett-Packard measurements
center. In addition, we have support
from the Semiconductor Research
Corporation for the Program on Mi-
croscience and Technology that was
recently established at Cornell. With

this base of operations, our efforts
have attained international recognition
for the role they are playing in the
development of electronics for the
future.

Jeffrey Frey, professor of electrical en-
gineering and specialist in semiconductor
devices and circuits, is an active user and
associate director of the National Re-
search and Resource Facility for Submi-
cron Structures (NRRFSS) at Cornell. In
addition, he serves as acting director of the
Cornell Program on Micro science and
Technology sponsored by the Semiconduc-
tor Research Corporation.

After receiving the B.E.E. degree at
Cornell in 1960, Frey did graduate work at
the University of California at Berkeley,
earning the Ph.D. in 1965. As a graduate
student, he held a Howard Hughes fellow-
ship and worked at the Hughes Research
Laboratories. Before joining the Cornell
faculty in 1970, he was employed by the
Watkins-Johnson Company, served as a
NATO postdoctoral fellow at the Ruther-
ford High Energy Laboratory in England,
and was a research associate at the United
Kingdom Atomic Energy Research Estab-
lishment at Harwell.



DRY PROCESSING
New Techniques for Etching Submicrometer Structures

by Edward D. Wolf and llesanmi Adesida
A crucial step in the fabrication of
electronic devices is the etching of
desired patterns into a wafer. Cur-
rently this is accomplished with chem-
ical baths, but for the very small
devices needed for future very-large-
scale integrated (VLSI) circuits, these
"wet" methods do not transfer the
pattern adequately because of lateral
etching, and tfcdry" etching with gase-
ous ions is needed.

The National Research and Re-
source Facility for Submicron Struc-
tures (NRRFSS) at Cornell is one of
the laboratories in which research in
dry etching is yielding an assortment of
improved processing techniques.
These include plasma etching (PE),
reactive-ion etching (RIE), and
reactive-ion-beam etching (RIBE). In
discussing our work at NRRFSS in
these areas, we hope to show why dry

Figure 1. Reactive-ion etching. The "high
and narrow" profile was obtained with
CHF3 gas, which acts on SiO2 more
strongly than it does on the polymeric
"resist" material.

processing has become the main tech-
nique for pattern transfer in VLSI
etching technology, and what progress
is being made in developing it.

ETCHING AS A STEP
IN DEVICE FABRICATION
The significance of etching techniques
can be explained in terms of the overall
process of fabricating an electronic
chip, a process that encompasses a
wide range of techniques developed in
intensive research over the past
twenty years.

Figure 1

In a typical process, a wafer—now
usually silicon—is coated with a, resist,
a film of polymeric material—such as a
photo-polymer or poly(methyl meth-
acrylate) (PMMA)—that is sensitive
to radiation and also resistant to chem-
ical treatment. Next a pattern is
created by exposing the surface, or a
selected area of it, to light (in photo-
lithography) or, for finer patterning, to
radiation of shorter wavelength (as in
electronbeam, ion-beam, or x-ray
lithography). After exposure, the more
soluble resist material is washed away
in a developer, and then the pattern in
the resist is transferred to the wafer by
an etching process.

As the dimensions of electronic de-
vices have become smaller, allowing
more functions to be performed by the
same size chips, the processing re-
quirements have become more strin-
gent. Conventional photolithography,
for example, does not produce fine
enough patterns because the wave-
length of light is too large. Similarly,
wet etching has serious limitations as
the submicrometer regime is ap-
proached: specifically, low resolution 16



and very limited control of the etching
profile. Dry methods have the advan-
tage of providing anisotropic profiles,
in which the etching progresses selec-
tively in only one direction rather than
evenly in all directions, as is the case
with conventional wet processes. This
characteristic allows much improved
transfer of the high-resolution patterns
created with electron, x-ray, or ion-
beam lithography. Larger height-to-
width ratios can be achieved in the
etched impression, for example. With
dry etching, structures never before
possible can be fabricated.

NRRFSS PROGRAMS
IN DRY ETCHING
One of the aims of our Cornell pro-
grams in dry etching is to contribute to
an understanding of these novel
methods and how they can be applied
to pattern transfer at submicrometer
dimensions. For example, we have
studied the resistance of PMMA to
etching by reactive ions; in particular,
we were interested in the use of this
high-resolution resist as a mask in the

17 etching of various dielectrics. It was

found that by using a fluorine-deficient
fluorocarbon gas such as CHF3, a high
selectivity could be obtained between
PMMA and silicon dioxide. This
means that the CHF3 gas, which is in a
plasma state, etches silicon dioxide
faster than it attacks the PMMA. The
result is a highly anisotropic, "high
and narrow" profile, such as the one
shown in Figure 1. Much of this work
was done by Jeffrey Chinn for his
Master of Science thesis. The equip-
ment he used is a parallel-plate RIE
system, which was partially a gift to
NRRFSS from the Applied Materials
Corporation.

In studies with two visiting scholars
from China, Zhang Min and Li Jian-
Zhong, the RIE technique is currently
being used to study the etching prop-
erties of polysilicon and refractory
metal silicides in various gas mixtures
of SF6 plus oxygen, and SiF4 plus
chlorine. The refractory metal silicides
such as molybdenum silicide and tan-
talum silicide are important because
they have smaller contact resistance
than aluminum—the standard contact
material for silicon devices—and

Figure 2. Reactive-ion etching. This mul-
tilayer structure was etched in a plasma
consisting of a gaseous mixture ofSF6 and
O2.

therefore are increasingly being used
for contacts and interconnections in
VLSI silicon devices. A typical struc-
ture that needs to be etched in silicon
metal-oxide-semiconductor (MOS)
devices, for example, is the silicide/
polysilicon/silicon dioxide stack. The
etching of this multilayer structure,
which has high-resolution features and
anisotropic profiles, has been done
using an SF6 and O2 gas mixture, with
results as shown in Figure 2.

RIBE, in which the etching is ac-
complished with a beam of reactive
ions, offers some advantages over
RIE: several parameters such as ion
energy, ion current density, and the
composition of background gas, can be
varied independently. In studies with
Jeffrey Chinn, we recently used a
RIBE system (donated to NRRFSS
by Varian-Extrion) to investigate the
etching of gallium arsenide (GaAs)
with an inert and a reactive-ion beam in
the presence of background molecular
chlorine. The chlorine, coming from
either the ion beam or the background
gas, was found to impinge on the
specimen with significant effect. It was



Figure 3 a

"With dry etching,
structures never
before possible

can be fabricated/

found, for instance, that an increase in
the amount of chlorine present in the
background altered the wall profile
from an overcut slope to a nearly verti-
cal one (see Figure 3). Overcut profiles
are usually found where the etching
mechanism is mainly physical, caused
by energetic ions, while the vertical
wall resulted from both physical and
chemical etching mechanisms. Such
profile control would be impossible
with the use of wet processing, in
which etching proceeds equally in all
directions.

Figure 3. Reactive-ion-beam etching.
These samples of GaAs were etched by a
beam of ionic chlorine in the presence of
molecular chlorine. The profile was found
to be influenced by both sources of
chlorine; for example, the profile in 3a is
less vertical than the one in 3b, which was
obtained in the presence of a higher con-
centration of molecular chlorine.
Figure 4. Dry development in ion-beam
lithography. These resist features, about
0.3 micrometer wide, were obtained in a
process in which a pattern is created by
implanting silicon ions in a thin-film resist
and then exposing it to O2 plasma.

Figure 4

In work related to that of Benjamin
M. Siegel of Cornell's School of
Applied and Engineering Physics, we
have also been investigating other
forms of ion-beam lithography in
which resist development can be per-
formed using dry etching. Our ap-
proach to the fabrication of a structure
has been to implant low-energy (40
keV), high-dose (1 X lO15/cm2) silicon
ions into resists, and to follow this with
reactive-ion etching in an oxygen
plasma. During the RIE process, the
thin layer of implanted silicon reacts 18



Adesida and Wolf
with the ambient oxygen to form SiO2,
which then inhibits further etching.
Using this method, we have obtained
etch ratios greater than 11 between
unexposed and exposed areas. Fea-
tures as small as 0.3 micrometer in
linewidth have been fabricated in a
PMMA film one micrometer thick, as
shown in Figure 4.

Although dry processing techniques
can produce spectacular results, as we
have demonstrated, much of the de-
velopment has been by trial and error,
on the basis of empirical derivations.
To fully realize the potential of these
methods, further studies of the physi-
cal and chemical events occurring on a
wafer surface in a plasma or ion-beam
environment are needed. In our work
at NRRFSS, therefore, we are incor-
porating analytical instruments such as
electrostatic-energy analyzers, mass
analyzers, and optical spectroscopes
into our etching system in order to
study fundamental etching processes.
The results of these studies should
help in identifying parameters that are
needed to optimize dry-etching
methods for device fabrication.

19

Edward D. Wolf director of the National
Research and Resource Facility for Sub-
micron Structures (NRRFSS) and profes-
sor of electrical engineering at Cornell,
conducts research at the facility in the
science and technology of microfabrica-
tion. Ilesanmi Adesida, a visiting assistant
professor of electrical engineering and a
research associate at NRRFSS, is a co-
principal investigator in some of these
studies.

Wolf is prominent nationally and inter-
nationally in the areas of submicrometer
lithography and pattern transfer. He came
to Cornell in 1978 from Hughes Research
Laboratories, where he was a senior scien-
tist and section head in the Electron Device
Physics Department. He has also carried
out research at the Rockwell International
Science Center and at the University of
California at Berkeley. He received his
undergraduate education at McPherson
College, earned the doctorate in physical
chemistry at Iowa State University, and
was a research associate at Princeton
University.

Adesida joined the NRRFSS staff as an
IBM postdoctoral fellow in 1979, became a
research associate in 1981, and this year
was appointed as a visiting assistant pro-
fessor. A citizen of Nigeria, Adesida came
to the Lawrence Berkeley Laboratory in
1971 as an International Atomic Energy
Agency trainee in nuclear counting tech-
niques, and later, before completing
graduate study, he returned to the same
laboratory for a year s work as an elec-
tronic engineer. He received the B.S.,
M.S., and Ph.D. degrees from the Univer-
sity of California at Berkeley in 1974, 1975,
and 1979.



NEW TECHNIQUES FOR GROWING
COMPOUND SEMICONDUCTORS

by Lester F. Eastman

Semiconductor devices now taking
shape in Cornell laboratories will pro-
vide the high-frequency and high-
speed capabilities needed for the elec-
tronics of the future. Lasers for optical
communications systems, high-speed
switching devices, high-frequency
microwave transistors, and efficient
solar cells are among the applications
that will depend on new compound-
semiconductor technology.

The crucial element in all these ap-
plications is a thin film of semiconduc-
tor material capable of being processed
to yield high-performance devices.
Particularly useful are compound
semiconductors, such as gallium arse-
nide (GaAs), whose crystal structure
forms alternating layers of different
atomic constituents (see Figure 1).
These layers are a basis for the crea-
tion of very small electronic devices
through a variety of processing proce-
dures such as photolithography and
ion implantation. When layers of dif-
ferent composition are juxtaposed, or
when desirable constituents are intro-
duced in a controlled manner, the pos-
sibilities multiply.

Figure la

In the work in my laboratory at
Cornell we rely particularly on two
techniques for growing "tailor-made"
compound semiconductor materials:
molecular-beam epitaxy (MBE) and
organometallic vapor-phase epitaxy
(OMVPE). The outstanding advan-
tage of MBE and OMVPE is that they
make it possible to grow layers of
single-crystal films with certain de-
sired characteristics. For example, a
layer of one compound semiconductor
can be grown on top of a layer with a
different composition; the interface

Figure I. The similar crystal structure of
silicon and gallium arsenide, two basic
semiconductor materials used for VLSI
fabrication.

a. The "diamond" lattice structure is seen
in the single-element semiconductors sili-
con and germanium.

b. The "zincblende" lattice structure is
seen in such compound semiconductors as
gallium arsenide (GaAs), gallium phos-
phide (GaP), and indium antimony (InSb).
For GaAs, for example, the Ga atoms are
generally represented by the solid circles,
and As atoms by the open ones. 20



". . . specimens as thin as one atomic
layer. . . can be constructed/
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between the layers is called a
heterojunction (see Figure 2). Abrupt
interfaces at heterojunctions are
wanted because they are capable of
defining features on a size scale of a
few atomic layers. Likewise, it is de-
sirable to have abrupt changes in the
doping profile—the distribution of ions
that are incorporated into the host
semiconductor material to form par-
ticular structures (see Figure 3). Fea-
tures such as these, grown with MBE
or OMVPE, yield structures with
submicron dimensions in the growth
direction. Lithography can then be
used on top of the grown layer to yield
structures with submicron dimensions
in the two other directions, parallel to
the surface.

SOPHISTICATED EQUIPMENT
AND A VIGOROUS PROGRAM
Two MBE machines and one OMVPE
machine are available at Cornell. The
first MBE system, a Varian 360, was
funded by the National Science Foun-
dation (NSF) under the original con-
tract for NRRFSS. Later a larger
MBE machine, the Varian Generation

Figure 2
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Figure 2. A representation of a heterojune-
tion in an epitaxially grown semiconductor
material. In a gallium arsenide crystal, for
example, the Ga and the As atoms form
alternating layers (see Figure 1). But if the
composition were to he changed during the
growth process—to an alloy of aluminum
and gallium arsenides, for example—there
would he an interface, called a heterojunc-
tion, between the two crystalline forms.
Such an alloy might contain, for example,
40 percent AlAs and 60percent GaAs, and
be denoted as Al4Ga 6As.

Figure 3. A representation of doping pro-
files. The dopants, which are ions, are
incorporated in a controlled manner into
the host semiconductor material (such as
silicon or gallium arsenide) so as to form
desired electronic structures (such as
transistors). Abruptness in the ion-density
changes makes it possible to reduce the
physical size of electronic devices. In the
diagram, black dots represent donor ions,
which create an n-type layer, and red dots
represent acceptor ions, which create a
p-type layer.



Equipment important to the research on
compound semiconductor materials is
available at Cornell.

Above: This organometallic vapor-phase
(OMVPE) machine is used for growing thin
semiconductor layers with the desired
characteristics.

Right: Using the OMVPE is D. Ken
Wagner, one of the Cornell developers of
the machine.

Below: A postdoctoral researcher operates
the Varian 360 molecular-beam epitaxy
(MBE) machine, one of two such systems in
laboratories at Cornell.

\

II, was purchased with Department of
Defense (DOD) funds provided
through Cornell's Joint Services Elec-
tronics Program (JSEP) and some af-
filiated programs. The OMVPE ma-
chine was also funded mainly by JSEP
and affiliated programs.

The MBE systems are essentially
turn-key instruments, ready to oper-
ate. The OMVPE machine, not avail-
able in that form, was completely de-
veloped and constructed at Cornell in a
cooperative effort by faculty and
senior staff members and Richard J.
M. Griffiths of England's Royal Sig-
nals and Radar Establishment, who
spent nine months at Cornell as an
expert consultant on the project.

In both the MBE and OMVPE
areas, senior staff members on long-
term appointments are responsible for
training graduate students in the use of
the systems, as well as for safety pro-
visions and equipment maintenance.
Colin E. C. Wood, the first of these
staff members, worked in MBE for
about five years; now in charge is Gary
Wicks, with the temporary part-time
assistance of A. Robert Calawa of
Lincoln Laboratory. D. Ken Wagner,
working with Professor Joseph M. Bal-
lantyne, assumed responsibility for the
cooperative research on the OMVPE
system after Dr. Griffiths had left, and
recently he was joined by J. Richard
Shealy, one of our doctoral graduates.

Compound semiconductor mate-
rials, devices, and their circuits and
applications constitute a large area of
research at Cornell. Nearly half the
graduate theses in electrical engineer-
ing, plus a number in applied physics
and a few in materials science and
engineering, are on this topic. Six fac- 22



ulty members and six senior staff
members are heavily involved in JSEP
projects, which account for one-fifth of
the total funding in this technical area.
The rest of the costs are covered by
other DOD contracts, by substantial
industrial contracts and fellowships,
and by a limited amount of NSF fund-
ing. The following brief descriptions
provide examples of what is being ac-
complished in the area of compound
semiconductors and related devices
grown by MBE and OMVPE.

BASIC STUDIES OF
SEMICONDUCTORS
Fundamental research on the growth
and properties of thin layers of crystal-
line semiconductors is the basis of
technological development of micro-
wave devices. Semiconductor com-
pounds like GaAs, alloys like alumi-
num gallium arsenide (AlGaAs),
single-crystal semiconductors like
germanium, and single-crystal metals
like aluminum are studied, along with
their associated heterojunctions.
Properties that are desired in semicon-
ductor layers for electron devices are
high purity and freedom from un-
wanted defects that trap electrons or
holes, as well as abrupt or controlled
composition and doping profiles.

With the MBE, crystals are grown at
a rate of one atomic layer per second;
specimens as thin as one atomic layer
and materials with special periodic
layers only a few tens of angstroms
thick can be constructed. The mate-
rials studied include not only GaAs
and AlGaAs, but semiconductor com-
pounds and alloys containing other
Group III and Group V elements such

23 as indium and antimony: GaSb, In As,

Gain As, AlInAs, and Al Gain As, for
example. The growth of AlInAs on
Gain As, forming a heterojunction im-
portant for optical-fiber communica-
tion systems, was pioneered in our
laboratory. GaAs and AlGaAs have
been studied also by OMVPE, and
that system will be used for work with
compounds and alloys containing in-
dium and phosphorus.

This fundamental research entails
characterization of the materials,
which is carried out with equipment
funded by JSEP and other DOD con-
tracts. We measure pertinent prop-
erties such as photoluminescence at
liquid helium temperature, and far-
infrared internal photo emission; we
use computerized deep-level (trap)
transient spectroscopy; and we ex-
amine doping profiles by various
methods including capacitance-
voltage measurements. All these mea-
surements are critical to guarantee the
high performance of electron devices.

RESEARCH WITH POTENTIAL
ENGINEERING USES
Among the specific structures being
studied are modulation-doped hetero-
structures, which are promising for
field-effect transistors (FETs). In
modulation doping, ions are incorpo-
rated intermittently to form structures
with the desired doping profiles. In
modulation-doped heterostructures,
ions have been left out of a channel on
one side of the heterojunction, and
electrons are contributed to this un-
doped region by the doping ions on the
other side of the heterojunction (see
Figure 4a), These electrons move
along the channel parallel to the
heterojunction, and because it is an

" . . . we have
achieved a
switching time of
15 picoseconds,
a record for
this structure/'



Figure 4 a

GaAlAs (doped)

GaAs (undoped)

heterojunction

open path, they have high mobility and
saturation velocity. The modulation-
doped structures that have been
studied so far are AlGaAs/GaAs and
AlInAs/GalnAs.

Heterojunction bipolar transistors
with the high-frequency and high-gain
performance needed for satellite
communications are another kind of
device being grown by MBE. Such
devices are also being tested for high-
speed phototransistors used in com-
munication systems based on fiber
optics. In devices of this kind, the
electrons pass over the heterojunction
potential step, acquiring kinetic energy
to send them quickly through the tran-
sistor. In our laboratory these devices
have been grown using AlGaAs/GaAs
and AlInAs/GalnAs.

Structures that have been grown and
studied for use in various microwave
and optical devices include not only
single heterojunctions, but also quan-
tum wells (see Figure 4b), which are
very narrow channels formed between
two heterojunction potential barriers.
Here at Cornell quantum wells as thin
as 15 A—among the smallest useful

Figure 4. Heterostructures with engineer-
ing applications.

a. In a modulation-doped heterostructure,
electrons move out of a doped layer
(AlGaAs in this example) into an undoped
layer (GaAs), which has a lower potential
energy. These electrons go into transverse
resonant motion, but also can be made to
move rapidly along a channel parallel to
the heterojunction. (They remain in the
channel because of the attraction of the
ions on the opposite side of the potential
barrier.)

b.Ina quantum well, electrons are trapped
between two heterojunctions; they go into
resonant motion, but can also be made to
move rapidly along the channel. The quan-
tum well, 15 to 500 A wide (equivalent to 12
to 400 atom layers), is one of the smallest
thicknesses that can be made reproducibly.

man-made structures ever pro-
duced—have been successfully grown,
and tested for photoemission. An as-
pect of the Cornell research in this area
is the development of lasers based on
various quantum-well structures; such
lasers have potential use for modulat-
ing light emission in very high-speed
optical-fiber communication systems.

BALLISTIC ELECTRON
MOTION: AN ORIGINAL IDEA
An important concept based on the
Cornell research on compound semi-
conductors is that these materials
allow electrons to move at very high
ballistic velocities. In fact, electrons
can travel at speeds about six times
their normal velocity, a capacity of
very great importance for the fabrica-
tion of high-speed electronic devices.

This concept of ballistic electron
motion developed out of studies, made

Figure 4 b
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five years ago, of electron dynamics
across short GaAs structures. These
studies indicated that electrons accel-
erated in semiconductor materials can
preserve a kinetic energy nearly equal
to their potential drop, and that the
electron momentum remains nearly in
the desired direction. It was shown
that in lightly doped GaAs, electrons
accelerated by limited voltages applied
across a distance of 0.4 micrometer or
less achieved an average velocity of at .
least 4 X 107 centimeters per second.
This compares with an average veloc-
ity of about 1.2 X 107 cm/sec for long
devices in which electron transport is
collision-dominated. An even greater
velocity—an average of more than 7 X
107 cm/sec over distances less than 0.6
micrometer—can be reached when
electrons in lightly doped GaAs are
quickly accelerated across a potential
step and allowed to drift rapidly in a
weak electric field. Detailed modeling
of devices with ballistic electrons has
been completed recently in Japan, ver-
ifying the Cornell concept.

The idea of utilizing fast ballistic
injection of electrons has led to the 24
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invention in our laboratory of several
devices, including heterojunction
bipolar transistors with fast transits of
electrons. Now the concept is being
applied to vertical FET transistors, in
which electrons travel at ballistic ve-
locity through vertical channels in the
semiconductor (see Figures 5 and 6).
Future transistors of this kind are ex-
pected to operate at the high frequen-
cies, near 100 GHz, that are needed for
satellite communication systems.

Logic devices that run on very low
power and are capable of switching in

Figure 6

Figure 5. A vertical field-effect transistor
(FET), in which electrons travel at ballistic
speed. First an ohmic metal (such as ger-
manium plus gold) has been deposited in
strips on top of the structure. Then vertical
channels have been etched in eptia.xially
grown layers of semiconductor material
(such as aluminum gallium arsenide). Fi-
nally, a metal like titanium has been depos-
ited by angle evaporation along the sides,
forming a potential barrier called a gate.
An overhang created by the etching pro-
cess in turn causes an uneven buildup of
titanium.

Electrons, whose source is the ohmic
metal, travel down through the vertical
channels at ballistic velocity. The drain is
the heavily conducting ri* buffer and sub-
strate. (The ri* buffer protects the semi-
conductor layers from unwanted impurities
in the substrate.} Of the two grown AlGaAs
layers indicated in the diagram, the upper
one has an aluminum content that rises
slowly from top to bottom; this makes it
easy to raise the energy of the electrons. At
the bottom of the lower AlGaAs
layer, the abrupt reduction of aluminum
content to zero abruptly reduces the en-
ergy, ' shooting" the electrons ball is tic ally
downward into the GaAs.

A micrograph of such a device is shown
in Figure 6.

Figure 6. A field-effect transistor (FET)
with a vertical channel structure. This ex-
perimental transistor is called BEST (for
Ballistic Electron Schottky-gate Transis-
tor)—an appropriate acronym, since it is
considered the best for high-current-
density, high-frequency operation. Fea-
tures diagrammed in Figure 5—the chan-
nels, the ohmic metal layer, the overhang,
and the evaporated-metal gate—are seen
here. The gate length is 0.15 micrometer,
the periodicity is 2 micrometers, and the
channel width is 0.5 micrometer.



Sadler

Ph.D. Research Yields World
Record for Low Switching Time

A Cornell student working on his doctoral research has achieved a result that
advances state-of-the-art electronics. A submicron structure he has devised
provides the fastest switching time ever recorded for an important type of
semiconductor device.

The graduate student, Robert Sadler, worked with Professor Lester F.
Eastman on his thesis research. He completed his degree requirements in
December and has begun work at the ITT laboratories in Roanoke, Virginia,
where he will help develop a new division emphasizing high-frequency, high-
speed electronic devices. At Cornell Sadler was a Hughes fellow and the research
was a cooperative project with the Hughes Aircraft Company; Sadler worked
during the summers at the Hughes research laboratory in Malibu, California.

According to Eastman, Sadler's work provides "what everybody in the
industry is after—all the speed that is possible to get in a device that operates at
room temperature." The device is a gallium arsenide doped channel field-effect
transistor, and its special feature is what Sadler describes as a "T-gate ion-
implanted self-aligned structure." It has a switching time of only 15 picoseconds
(a picosecond is 1O~12 or one trillionthof a second) at 300° K. The only device with
a shorter switching time is the experimental modulation-doped heterostructure
described in these pages by Eastman. With modulation doping, a T-gate structure
such as the one Sadler worked on should produce devices with switching times of
less than 5 picoseconds.

Sadler's work has also set a new world record for the lowest switching energy,
which equals power dissipated multiplied by switching time. For one of Sadler's
devices, this "power delay product," as it is commonly called, is 2.4 femtojoules
(2.4 x 1O~15 joule), the lowest value yet reported for any device operating at room
temperature.

Eastman commented that the thesis is "one of the strongest I have ever seen,"
and that the research results are "among the most outstanding that have been
achieved so far at the national submicron facility at Cornell."

\

Below: A schematic, not drawn to scale,
showing the T-gate structure. Fine-line
electron-beam lithography is used in the
fabrication of a metallic structure with two
layers—nickel and a titanium-tungsten al-
loy. The alloy is etched away a precise
distance to form the T-shaped overhang,
which acts as a mask during subsequent
implantation of ions into the semiconduc-
tor (GaAs) material beneath it. Source and
drain contacts are formed by placing
ohmic contact metal over the GaAs. Elec-
trons move under the influence of an
applied voltage and accelerate to very high
velocities in the unobstructed GaAs.
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less than 5 picoseconds should also be
possible with various configurations of
this FET. This speed is anticipated
with use of the modulation-doped
AlGaAs/GaAs structure and closely
spaced ion-implanted source and drain
contacts. We have made significant
progress in this direction. Using short
(0.75-micrometer) doped channels
rather than modulation-doped chan-
nels, we have achieved a switching
time of 15 picoseconds, a record for
this structure. (See the insert on the
facing page.)

A MAJOR CORNELL EFFORT
AND ITS RESULTS
The high technology of MBE, and to a
less extent OMVPE, that has been
developed at Cornell opens the way to
important new electron devices based
on compound semiconductors with
submicron features. As I have briefly
discussed, devices now being devel-
oped here include various transistors
for applications at high frequency or
high speed: improved convention-
al FETs, modulation-doped FETs,
vertical FETs with ballistic electron
injection, and heterojunction bipolar
transistors. Also under study are high-
speed optical devices, such as detec-
tors and quantum-well lasers.

In addition to advancing the
technology itself, this program has
another important function, which is to
provide a focus for graduate research
and education. Cornell graduates who
participate in the fruitful project work
will be leaders in the development of
submicron electronics. Directly and
indirectly, the Cornell program in
semiconductor materials and devices

27 looks to the future.

Lester F. Eastman, professor of electrical
engineering, received three degrees from
Cornell and has been a member of the
faculty since he completed the doctorate in
1957.'

His work has included an active program
of research in microwave solid-state elec-
tronics since its beginnings. At the present
time he directs one of the largest research
programs in the College of Engineering.
Included is an investigation in compound
semiconductor materials and electronic
devices that is funded by more than $2
million a year from the Joint Services Elec-
tronics Program; other affdiated pro-
grams; and projects supported by several
industries. Eastman's research is carried
out partly in conjunction with the National

Research and Resource Facility for Sub-
micron Structures (NRRFSS) at Cornell.

Eastman has had experience in indus-
trial research and development as well. He
was a founder of Cay tig a Associates, de-
velopers of prototype microwave semicon-
ductor devices; he has been a consultant to
other electronics manufacturers; and he
has spent leaves at the RCA Laboratory
and at Lincoln Laboratory of the Mas-
sachusetts Institute of Technology.

He is a fellow of the Institute of Electri-
cal and Electronics Engineers and was that
society's national lecturer on electron de-
vices during 1983. He serves on several
national and international conference
committees and is a member of the U.S.
Government Advisory Group on Electron
Devices.



SUPERCONDUCTORS
IN MICROSTRUCTURES
How They Function and What They Can Do

by Robert A. Buhrman
Over the past decade, a major impetus
driving the development of the
technology of submicron fabrication
has come from scientists involved in
the study and application of supercon-
ducting electronic phenomena. These
scientists have been particularly con-
cerned with the fabrication of micro-
structures even smaller that those in
the range just below a micrometer, and
consequently they have been at the
forefront in developing new fabrica-
tion technologies and in pushing those
technologies to smaller and smaller
dimensions. Along the way, they have
established numerous "firsts," such
as the production of the smallest work-
ing electronic device, the smallest
wire, the smallest electrical contact.

This concern with the infinitesimal
has been motivated by two related
facts. One is that superconductivity is
characterized by length scales that typ-
ically range from less than 0.1 mi-
crometer (jim) to somewhat greater
than one /xm. These lengths are the
distances over which parameters (such
as magnetic fields or current density)
can vary in a superconductor. Being

able to probe the response of a super-
conductor on a scale smaller than these
characteristic lengths has been and
continues to be of fundamental impor-
tance to the development of an im-
proved understanding of supercon-
ducting phenomena. The second fact is
that superconductivity can be utilized
to produce specialized electronic de-
vices of unparalleled speed and sen-
sitivity. It has long been known that,
up to a point which we are now only
just approaching, this speed and sen-
sitivity is inversely proportional to the
size of the device structure. Thus we
have both a scientific and a technologi-
cal imperative to continually seek to
shrink the size of the superconducting
microstructures.

SUPERCONDUCTORS AND
THE JOSEPHSON EFFECT
The superconducting state is exhibited
by many metals when they are cooled
to temperatures within five or ten de-
grees of absolute zero. Perhaps the
most striking characteristic of this
state is that there is no resistance to the
flow of electricity up to some

maximum current, called the critical
current.

In 1962 Brian Josephson made two
rather startling predictions about what
would happen when two superconduc-
tors were weakly connected together.
In essence, the first prediction was
that when the connection, or
Josephson junction was made, a small
dc electrical current could flow be-
tween the superconductors with no
resistance. Unlike a current in a single,
superconductor, the maximum possi-
ble amplitude of this supercurrent
could be modulated periodically by
very small applied magnetic fields.
This has become known as the dc
Josephson effect.

If a current greater than the
maximum possible supercurrent is
caused to flow, the connection begins
to act much like a normal resistor: the
dc supercurrent disappears and an
electrical voltage appears across the
connection. Josephson's second pre-
diction applied to this situation. The
prediction was that while the dc super-
current would now be zero, there
would be an ac supercurrent oscillating 28



" . . . a unique combination
of unparalleled switching speed and
very low power dissipation/'

back and forth between the two super-
conductors. The frequency of this os-
cillating supercurrent would depend
directly on the electrical voltage across
the connection and on some funda-
mental constants of nature. The rela-
tion is that for every additional mi-
crovolt (10~6 volt) that appears across
the connection, the frequency of oscil-
lation increases by 485 megahertz (106

hertz). This oscillation, which can con-
tinue to frequencies greater than 1013

hertz, is known as the ac Josephson
effect.

THE USEFULNESS OF
JOSEPHSON EFFECTS
A wide range of electronic devices that
utilize the dc and ac Josephson effects
can be produced. These include mag-
netometers, voltmeters, voltage-tuned
microwave oscillators, microwave and
millimeter wave mixers, and infrared
detectors, as well as digital electronic
circuits.

Josephson junctions offer a unique
combination of unparalleled switching
speed and very low power dissipation

29 that has for some time made them the

object of a major research and devel-
opment effort directed toward the
mainframe supercomputer of the late
1980s. Recently this effort has suffered
a significant setback because of dif-
ficulties encountered in designing and
fabricating high-speed random-access
memory with Josephson junctions.
While it is possible to build large-scale
logic circuits that offer machine cycle
times well below one nanosecond (10~9

second), solving the memory problem
will require new memory circuit de-
signs or new knowledge and applica-
tion of device physics. This difficulty
has pushed the eventual construction
of a superconducting supercomputer
further into the future; but it also pre-
sents new research opportunities.

Actually, the development of cir-
cuits and sensors based on the
Josephson effects has proceeded
rapidly in recent years. These devices
include small-scale, very-high-
performance digital circuits such as
analog-to-digital converters; very-
high-speed analog circuits; and very-
high-sensitivity electromagnetic sen-
sors. As an example of what can be

achieved now with the Josephson ef-
fect, we can consider the supercon-
ducting magnetometer. The sensitivity
of this instrument was recently
brought close to the absolute limit set
by the uncertainty principle—to within
a factor of three or four of the smallest
unit of magnetism that could possibly
be detected. This magnetometer can
now detect magnetic field charges that
are less than 1 X 10"13 of the earth's
magnetic field. The quantum-
mechanical limit in high-frequency
millimeter-wave detectors has also
been achieved recently. And since the
ultimate switching speed of a
Josephson junction can be approxi-
mately 0.1 picosecond (1O~13 second),
further advances in very-high-speed
digital electronics are also probable.

The object of all research on
Josephson devices is to produce reli-
able, high-quality Josephson junctions
with very small dimensions. The key
to successful basic research into
superconducting electronic phenom-
ena is to attach very small electrical
probes to superconducting structures.
These tasks have been a major focus of



Figure 1

Figure 1. A schematic representation of a
Josephson tunnel junction. The junction is
at the area of overlap between two films of
superconducting metal which are sepa-
rated by a very thin layer of insulating
material. A weak electrical connection is
made by electrons tunneling through the
insulator.

Figure!. Edge junction fabrication. Steps
in the process are illustrated (not to exact
scale), (a). An A12O3 layer is deposited to
act as a mask during etching of a niobium
(Nb) film. (b). A faceted edge is left after
the exposed Nb has been etched away. (c).
Using a stencil fabricated by electron-
beam lithography, a very thin oxide layer is
formed on a small section of the Nb edge by
exposure to a beam of ionized molecular
oxygen. Then a second metal film (lead
plus bismuth) is deposited through the
stencil. The Pb-Bi is the counterelectrode;
the layering ofNb, Nb2O5, and Pb-Bi con-
stitutes the second Josephson junction,
with dimensions that are determined by the
thickness of the Nb layer and by the width
of the fabricated stencil.

Josephson tunnel junction:

superconductor 1

thin (10 to 30
insulator

superconductor 2

our research at the National Research
and Resource Facility for Submicron
Structures (NRRFSS) here at Cornell.

A CORNELL RECORD
FOR FAST SWITCHING TIME
The most successful form of a
Josephson junction consists of two
superconducting metal films separated
by a very thin insulator. In building the
structure, one metal film is coated with
the insulating material, which is usu-
ally an oxide of the metal. This mate-
rial is typically five to ten atomic layers

thick, and its average thickness often
must be controlled to better than 0.5
angstrom (one A is 10~8 centimeter).
The insulated metal is then covered by
another superconducting metal film.
The Josephson junction is in the area
of overlap between the two metal films
(see Figure 1). Since electrons can
tunnel through the very thin insulating
material from one layer of metal to the
other, this structure provides the
means of attaining the required weak
connection between the two super-
conductors.

The speed of a Josephson junction is
a very strong function of how thin the
insulating tunnel barrier can be made
while still retaining the Josephson ef-
fects. Recently we developed a new
process for growing very thin oxide
layers that yields junctions with very
short switching times. The process
consists of directing a precisely con-
trolled beam of ionized oxygen
molecules onto a clean surface of a
metal film in a high-vacuum environ-
ment; properly done, it yields very
good oxide layers that are only a few
atoms thick and have an average

Figure 2
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thickness controlled to within 0.5 A.
With this process we have produced
junctions with switching times (indi-
rectly measured) less than 0.1 pico-
second. This apparently sets a world
record.

AN EDGE JUNCTION
FOR BETTER PERFORMANCE
The performance of Josephson junc-
tions in device applications is also very
strongly a function of how small the
cross-sectional area of the junction is.
If everything else is held constant, the
smaller the junction the better—at
least until the junction area is less than
about 1O~10 square centimeter. A
graduate student, Alan Kleinsasser,
recently developed a technique for
successfully producing such small
junctions; the fabrication steps are il-
lustrated in Figure 2.

The procedure is as follows. First, a
thin (about 0.1 jam) film of a supercon-
ductor metal, usually niobium (Nb), is
partially covered by a relatively thick
(about 0.2 ptm) film of insulating mate-
rial, such as aluminum oxide. The ex-
posed portion of the Nb film is then
etched away, leaving only the edge of
the covered Nb film exposed. Next,
microlithography techniques are used
to define a stencil that has a very small
gap crossing the exposed edge; the
oxygen-ion-beam process is used to
produce a very thin oxide layer
through this stencil, and then a second
metal—such as lead plus bismuth—is
deposited through the stencil. When
the stencil is removed, the result is a
Josephson k'edge'1 junction, in which
one dimension of contact is defined by
the thickness of the original Nb film,

31 and the other by the microlithography

Figure 3

process. A micrograph of such a junc-
tion is shown in Figure 3.

This edge-junction technique origi-
nally utilized photolithography to pro-
duce junctions with an area of about
10"9 square centimeter. Subsequently,
another graduate student, Brian Hunt,
improved the process by substituting
electron-beam lithography, and was
able to produce junctions 1O~10 square
centimeter in area. Such junctions are
currently being used in our laboratory
in a variety of electromagnetic-sensor
experiments.

TOWARD A NEW TYPE
OF TRANSISTOR
A basic question regarding Josephson
junctions that is currently of consider-
able interest concerns the manner in
which the electrons that have tunneled
through the barrier come into equilib-
rium with the environment of the sec-
ond metal film. A better understanding
of this equilibration process could pos-
sibly lead to the development of a new
type of superconducting transistor.
Study of this process requires that a
second junction, to serve as a probe,

Figure 5. A micrograph of a Josephson
edge junction. This was made with a scan-
ning electron microscope (SEM).

Figure 4. A schematic representation of a
double edge junction. The heavy arrows
indicate the conduction path of injected
electrons.

Figure 5. A SEM micrograph showing the
structure of a double edge junction.

Figure 4

top junction
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Figure 5



be fabricated within about 0.2 /xm of
the injecting tunnel junction.

Brian Hunt has developed a tech-
nique that makes this fabrication pos-
sible. The process, illustrated in Fig-
ure 4, creates a double edge junction.
First, two Nb films separated by a thin
(0.05 /Am) layer of insulating material
are laid down, and then the edge-
junction fabrication process described
above is followed. The result is the
formation of two edge junctions, one
above the other. The top junction can
be used to inject electrons into the
shared top electrode. The bottom junc-
tion can be used for probing: by exam-
ining the current-voltage characteristic
of the bottom electrode, information
can be obtained regarding how far the
equilibration process has proceeded
0.05 /xm downstream from the injec-
tion site. A micrograph of one of these
structures is shown in Figure 5. With
these double edge-junction structures,
we have been able to examine
nonequilibrium processes in super-
conductors on a length scale that has
never before been reached.

I have given two examples of the

kind of research in superconductivity
that can be accomplished with the use
of equipment available at NRRFSS.
By investing in the development of
microfabrication technology, we at
Cornell have been able to realize rich
scientific and technological dividends
in the field of what we sometimes call
micro-superconductivity research. Cur-
rently, smaller and more complicated
microstructures than those described
here are being designed. Our expecta-
tion is that by continually pushing the
state-of-the-art of microfabrication
technology, we will continue to make
rapid progress in understanding super-
conductivity and in developing new or
better applications of superconductiv-
ity phenomena.

Robert A. Buhrman, a specialist in solid-
state and low-temperature physics, is a
professor of applied and engineering
physics at Cornell. He has been closely
associated with the National Research and
Resource Facility for Submicron Struc-
tures (NRRFSS) since its beginnings; he
has served as associate director of the
laboratory and supervised the User Re-
search Program, in addition to conducting
a research program. This year he is con-
tinuing his research at NRRFSS while on
sabbatical leave.

Buhrman holds the B.E.S. degree in en-
gineering physics from The Johns Hopkins
University and the M.S. and Ph.D. degrees
in applied physics from Cornell. He has
been a member of the faculty here since he
received the doctorate in 1973. 32



MICROFABRICATION
FOR GUIDED WAVE OPTICS

by Gregory). Sonek and Joseph M. Ballantyne
Communication by light waves is an
idea that has been with us since the
time of the ancient Greeks, who ob-
served that a glass rod is capable of
guiding light. In the nineteenth cen-
tury, English scientists discerned that
a narrow jet of water could be a
medium for light transmission. And
nearly three decades ago, the pro-
totype of the present-day optical fiber
came into being.

Why communicate optically? Since
the information-carrying capacity of
electromagnetic waves increases with
frequency, the transmission and pro-
cessing of signals at optical frequen-
cies can be performed over a very large
bandwidth, with low transmission
losses and immunity from elec-
tromagnetic interference.

Advances in several important areas
have made optical communications a
reality in recent years. There is the
low-loss optical fiber, a guiding me-
dium that is capable of providing long-
range signal transmission with minimal
attenuation at the operating wave-
lengths of the diode laser. There is the

33 semiconductor diode laser, a source

of coherent light waves, which has
proved to be an extremely reliable,
highly efficient, and long-lived
generator of light. And there is an
entire family of miniaturized optical
components that are being developed
for future applications in high-
performance optical communication
systems.

Such optical communication de-
vices, required for processing and
manipulating the light signals, are
made possible by the fusion of two
separate technologies—microwave
engineering and thin-film optics. Con-
cepts from both of these areas have
been applied to the development of
thin-film waveguides and other passive
optical structures. The integration of
many different components on a com-
mon substrate results, ultimately, in an
integrated optical circuit, in which
planar thin-film optical structures have
replaced the bulkier components
commonly found on an optical bench.
The term integrated optics is used to
describe the studies of thin-film
phenomena and the optical devices
based on that research.

WORK AT CORNELL
ON INTEGRATED OPTICS
The development of integrated optical
devices is one of the ongoing research
efforts at the National Research and
Resource Facility for Submicron
Structures (NRRFSS) at Cornell.
Here optical sources such as diode
lasers, and light-guiding elements such
as thin-film waveguides, are developed
and tested.

Although many different materials
can be used for fabricating optical
components, crystalline layers of
semiconductors such as gallium arse-
nide (GaAs) and aluminum gallium
arsenide (Al GaAs) have the advantage
of allowing the integration, on the
same substrate, of both a laser and a
waveguide or another component.
This is possible because both devices
can be made using the same materials.
One merely has to change some
parameter, such as impurity-atom
concentration or the fraction of alumi-
num in a given layer, to produce layers
capable of guiding light, or even
generating it.

In attempting to apply highly sophis-
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ticated microfabrication tools such as
electron-beam lithography, holo-
graphic interferometry, or reactive-ion
etching to the production of guided-
wave optical devices, one is
confronted with problems that are sig-
nificantly different from those encoun-
tered in the production of integrated
electronic circuits. The most serious
difficulty in the patterning of optical
structures is in obtaining good edge
definition. It is estimated that edge
variations of 50 nanometers (50 X 10~9

meter) would lead to losses of 10 per-
cent per centimeter. Therefore, edges
that are smooth to 10 or 20 nanometers
are required if light-scattering from
waveguides is to be minimized and
low-loss transmission achieved.
Among other requirements is a large
aspect ratio (the ratio of length to
width) for waveguides, and high abso-

In the NRRFSS laboratory, Professor
Ballantyne demonstrates an optical tech-
nique based on phot olumine see nee. The
technique is used to characterize materials
for the production of semiconductor lasersm

and optical waveguides.

lute accuracy in the period and groove
spacing of periodic structures.

LITHOGRAPHIC TECHNIQUES
FOR OPTICAL DEVICES
A lithographic process capable of
meeting all the requirements for opti-
cal device patterning does not yet
exist, but several different lithographic
techniques have produced excellent
results for specific applications.

Electron-beam lithography is one of
the promising patterning techniques,
though it is not without drawbacks.
For example, it is desirable for some 34
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applications to have highly curved
waveguides with smooth sidewalls,
but the standard electron-beam pattern
generator is not capable of producing
smooth continuous curves. Bends and
curves must be approximated as
"primitive" shapes such as rectangles
and trapezoids, which the pattern
generator is capable of producing, and
the resulting waveguide has significant
edge roughness and shows substantial
scattering losses. Examples of several
waveguides patterned with electron
beams are shown in Figure 1. In these
so-called rib waveguides the light-
guiding layer, GaAs, is sandwiched
between two layers of AlGaAs. This
geometry, known as a double hetero-
structure, confines the light and is ca-
pable of guiding it across an entire
optical chip.

A study of how various processing
techniques affect losses on electron-
beam-patterned waveguides is pres-
ently underway. Low-loss guides will
eventually be used as tuning elements
for semiconductor lasers or as mod-
ulators in integrated optical circuits.

Laser holography, an optical inter-
ference exposure process, is another
lithographic technique that is used ex-
tensively in our laboratory. We have
been able to fabricate periodic
structures—an important element in
guided-wave optics—with periods as
small as 230 nanometers. Even finer
periods have been achieved by using a
novel period-division scheme that al-
lows one to effectively halve the period
of the grating.

One use for a periodic grating is as a
coupler for diffracting light into a thin-
film waveguide. This process is de-
picted schematically in Figure 2. Such

Figure la

Figure I. A micrograph of two rib
waveguides—structures that provide con-
finement of light in two dimensions. The
waveguide in a was formed by ion milling,
and the one is b was chemically etched.

Figure 2. Schematic showing how a
periodic grating can be used to couple light
into a thin-film waveguide.

Figure 3. Profiles of gratings fabricated at
Cornell by means of laser holography.
Such profiles can be modified by various
etching techniques.

Figure 3a

Figure 2
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light beam grating

guided
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film
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". . . the fusion of
two separate

technologies—
microwave

engineering and
thin-film optics/

gratings can also be used as end-
reflecting mirrors in so-called "dis-
tributed Bragg reflector" semiconduc-
tor lasers, or as frequency-selective
filters for multiplexing and demulti-
plexing (scrambling and unscrambling)
light of many different frequencies.
Examples of grating profiles that can
be obtained with the laser holographic
technique and additional processing
steps are shown in Figure 3.

Integrated optics provides a good
illustration of interdisciplinary re-
search, for it draws on work from such
diverse areas as optical fiber technol-
ogy, thin-film optics, semiconductor
physics, and advanced lithographic
techniques. Integrated optics, with its
great technological potential, also
demonstrates the wide applicability of
submicron techniques. Electronics is
not the only technology to benefit from
the resources of NRRFSS.

Joseph M. Ballantyne is director of Cor-
nells School of Electrical Engineering and
an active member of the National Re-
search and Resource Facility for Submi-

cron Structures (NRRFSS), which he
helped organize. Gregory J. Sonek is a
graduate student who is working with Bal-
lantyne on the research described in their
article.

Ballantyne received bachelor's degrees
in both mathematics and electrical en-
gineering from the University of Utah, and
he earned the Ph.D. in electrical engineer-
ing at the Massachusetts Institute of
Technology in 1964. He joined the Cornell
faculty that year. His experience includes
consulting and summer work with a dozen
industrial firms and government labora-
tories in the areas of semiconductor,
ferro-electrical, magnetic, and optical ma-
terials and devices. He has been a National
Science Foundation senior fellow at Stan-
ford University and was elected a senior
member of the Institute of Electrical and
Electronics Engineers.

Sonek studied at the Polytechnic Insti-
tute of New York for the B.S. degree in
physics, granted in 1979. He received the
M.S. in applied physics from Cornell in
1982. He has worked summers at the Naval
Weapons Center in China Lake, Califor-
nia, and at the Harry Diamond Labora-
tories in Adelphi, Maryland. He is a
member of the American Physical Society
and the honorary societies Sigma Pi Sigma
and Sigma Xi. 36



MULTIDISCIPLINARY RESEARCH:
KEY TO PROGRESS AT NRRFSS

The national submicron facility, cen-
tered in Knight Laboratory, is a highly
visible physical manifestation of Cor-
nell's research and development in
microstructures fabrication, but in re-
ality it is only a part of a large multidis-
ciplinary research effort in microelec-
tronics and semiconductor materials,
devices, and circuits at the University.
In fact, it was the existing research
base that in 1977 won for Cornell the
competition for the National Research
and Resource Facility for Submicron
Structures (NRRFSS).

The current effort comprises over $8
million in research each year, and
draws faculty, students, and staff from
at least ten academic departments at
Cornell. Research is sponsored in both
individual faculty projects and "um-
brella" programs under which an
agency or industrial source provides a
single, large grant to the University for
work directed along certain lines. Such
a target area often cuts across the
traditional disciplinary boundaries,
and in these cases the result is a unique
and fruitful multidisciplinary collab-

37 oration. In the area of microelec-

tronics, these special programs at
Cornell include the Semiconductor
Research Corporation (SRC) Program
on Microscience and Technology, the
Joint Services Electronics Program
(JSEP), and the Program on Submi-
crometer Structures (PROSUS).

Another essential component is the
graduate-studies program in micro-
electronics and related fields, which
prepares students for research and
teaching leadership in industry and
academia. The graduate program
draws on many resources besides the
state-of-the-art NRRFSS facilities: on
the extensive course offerings of a
number of academic departments, the
supervision by faculty members who
are leaders in their fields, and direct or
indirect support from industry and
government.

Various parts of the overall program
are discussed in the following sections.

THE CORNELL-SRC
CENTER OF EXCELLENCE
In the fall of 1982, Cornell was selected
by SRC as the site of one of its first
"centers of excellence" for research

on the microscience and technology
that are essential to the development of
VLSI (very-large-scale integrated)
circuits. Funding of about one million
dollars was provided for the first year,
and Jeffrey Frey, Cornell professor of
electrical engineering, was named act-
ing director.

The Semiconductor Research Cor-
poration is a cooperative organization
of leading United States semiconduc-
tor, computer, and telecommunica-
tions industries such as IBM, Intel
Corporation, and the National Semi-
conductor Corporation. SRC was or-
ganized with the intention of support-
ing research that both increases the
knowledge base and provides for the
training of new researchers in fields of
engineering and physical sciences that
are related to semiconductors and
computers. An additional benefit was
considered to be better interaction
among industrial and academic re-
searchers in a field that is now central
to modern electrical engineering.

Now in its initial phase, the new
center at Cornell encompasses work of
nineteen faculty members in four



CURRENT RESEARCH

Principal Investigators

Applied and Engineering Physics:

Robert A. Buhrman

Electrical Engineering:

Joseph M. Ballantyne

G. Conrad Dalman

Jeffrey Frey

Peter Krusius

Charles A. Lee

Edward D. Wolf

George J. Wolga

Materials Science and Engineering:

Dieter G. Ast

John M. Blakely

David T. Grubb

James W. Mayer

Arthur L. Ruoff

David N. Seidman

Physics:

Neil W. Ashcroft

James A. Krumhansl, John W. Wilkins

Robert C. Richardson

Robert H. Silsbee

AT THE CORNELL-SRC CENTER

Projects

Thin Oxide Layers

Monolithic Optoelectronics for Interchip
Communications

Experimental Studies of Transmission Lines
for Monolithic High-Speed Circuits

Multi-Level Integrated Circuits

Technology and Physics of MOS Devices;
Molecular-Beam Epitaxy for Multi-Layer
Device Structures Involving Silicon and
Silicides

Dual-Surface Thin Silicon Devices of 0.05
to 1.0 Micrometer Thicknesses

Reactive Ion-Beam Etching and
Electromigration of Submicrometer
Refractive Metal Silicide Structures

Semiconductor Materials Deposition and
Processing Using Laser Photochemistry
and Structure Modification

Microdefects in CZ and FZ Silicon

Defects and Morphology at Interfaces

Multi-Level Interconnect Systems

Metallization, Interconnects, and Bonding

High Selectivity RIE and RIBE Based on
Near-Surface Modification

Mechanisms for the Nucleation and Growth
of Metal Silicides Produced by Thermal
Treatments and/or Ion Irradiations

Theory of Periodic Submicron Structures

Noise Mechanisms in Small Devices

Conduction Noise in Microstructures

Physics of Metal-Array-Gate FET Structures

schools or departments (see the table
listing faculty members and project
topics). The center operates within the
College of Engineering, and much of
the experimental work takes place at
NRRFSS.

It is anticipated that in future years
funding will increase somewhat as
SRC's specific goals and unified pro-
gram are established. For example, the
Cornell participants are formulating a
study of the problems that will be
encountered in production of a 16-
megabit memory chip, which would be
sixty-four times as dense as chips that
are only now emerging from labora-
tories. According to Frey, an examina-
tion of the anticipated design and pro-
duction problems "could utilize very
well the basic research skills of the
diverse corps of researchers that Cor-
nell can bring together."

PROSUS: A MEDIUM
FOR TECHNOLOGY TRANSFER
The industrial-affiliates program,
PROSUS, was founded by the Uni-
versity in 1978 to provide United
States industries with a "window"
onto Cornell research in the fields of
submicrometer and semiconductor
science and technology. The aims in-
cluded information exchange and a
strengthening of interaction between
industries and the University. The
program would also provide some
funding in support of the Cornell re-
search and academic program in these
areas, major capital and other support
for NRRFSS (most of the research of
interest would be carried out there),
and seed money and equipment sup-
port for certain specific projects.

The program was organized by Cor- 38



nell Professor Joseph M. Ballantyne
(now the director of the School of
Electrical Engineering). During its
first year, there were twelve industrial
members; now there are about thirty,
representing nearly all the major com-
panies in the semiconductor industry.
More than forty Cornell faculty mem-
bers are also associated with the pro-
gram; their research comprises a wide
diversity of projects, most of which are
conducted at the submicron facility.
The program, which is coordinated
through NRRFSS, is now headed by
Professor Jeffrey Frey, the associate
director of NRRFSS for PROSUS
and industrial relations. Senior Re-
search Associate D. Ken Wagner
serves as assistant director.

PROSUS industrial members have
made generous donations of major
equipment and have provided seed
funding and equipment support for a
number of projects. In 1982-83 there
were five such projects: Metallization
of Silicon (with Thor N. Rhodin of
Applied and Engineering Physics as
principal investigator); Thin Fluoride
Films (Michael S. Isaacson, A&EP);
Multimicroprocessor Computer Sys-
tem (Anthony P. Reeves, Computer
Science); Laser Photochemical Mate-
rials Growth (George J. Wolga, Elec-
trical Engineering); and Miniature
Tunable Infrared Laser (Clifford R.
Pollack, Electrical Engineering).

In return for their $15,000-a-year
membership fee or equivalent gifts in
kind, PROSUS members receive in-
creased access to Cornell research re-
sults through a variety of mechanisms.
Review meetings are held on campus
every year, visits between Cornell and

39 company researchers are arranged on

request, and newsletters and research
reports are mailed periodically. Con-
tacts between industries and Cornell
professors and graduate students are
facilitated, with benefits such as the
identification of subjects for possible
research collaboration, and help in ar-
ranging for faculty members to serve
as industrial consultants. The past
year has seen a great increase in inter-
est in PROSUS: attendance at the
1983 meeting (on the theme of "Lith-
ography for VLSI") was nearly double
that of the preceding year.

Left: Administrators of the Cornell
industrial-affiliates program PROSUS are
Jeffrey Frey (at right), director, andD. Ken
Wagner, assistant director. Frey is also
acting director of the SRC Program on
Microscience and Technology.

THEJOINTSERVICES
ELECTRONICS PROGRAM
As the name suggests, JSEP is jointly
supported by the United States army,
navy, and air force; the program at
Cornell is monitored by the latter. The
work of more than sixty researchers in
the area of compound semiconductor
materials, devices, and circuits is par-
tially supported by JSEP, at a level of
nearly one million dollars a year.

Lester F. Eastman, professor of
electrical engineering, is director of the
Cornell JSEP program. He has de-
scribed it in some detail elsewhere in
this Quarterly series.

RELEVANT ACADEMIC
OFFERINGS AT CORNELL
Cornell course work at both under-
graduate and advanced levels encom-
passes nearly every aspect of the de-
sign and fabrication of microstructures
and devices. The emphasis is on
kkhands-on" laboratory experience, an
opportunity that is made possible by
the extensive facilities of NRRFSS
and other University laboratories.

Most of the courses are offered by
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EXAMPLES OF COURSE OFFERINGS

Electrical Engineering:
Introduction to Lasers and

Optical Electronics
Microwave Theory
Electronic Circuit Design
Semiconductor Electronics I and II
Microprocessor Systems
Quantum Electronics I and II
Solid State Microwave Devices and

Circuits I and II
Opto-Electronic Devices
Solid State Devices I and II
Materials and Device Physics for VLSI
VLSI Digital System Design
VLSI Technology
Computer Processor Organization

and Memory Hierarchy
Computer Networks and Distributed

Architecture
Parallel Processing
Image Processing

Applied and Engineering Physics:
Electronic Circuits
Electron Optics
Microcharacterization
Intense Pulsed Electron and Ion Beams
Microprocessing of Materials
Physics of Solid Surfaces and Interfaces

Materials Science and Engineering:
Electrical and Magnetic Properties

of Materials
Microprocessing of Materials
Senior Materials Laboratory
Physics of Modern Materials Analysis
Electron Microscopy
Electrical and Magnetic Properties

of Materials (advanced)
The Effects of Radiation on Materials
Amorphous Semiconductors

the School of Electrical Engineering,
the School of Applied and Engineering
Physics, and the Department of Mate-
rials Science and Engineering, al-
though courses in many other areas—
such as computer science—are also
valuable for students who wish to spe-
cialize in submicrometer and semicon-
ductor science and technology. A par-
tial listing is given in the table.

The building of a respected and ef-
fective center in any area of research
takes time, money, people, programs,
and facilities, a generalization that is
especially true of a highly technical,
specialized, and competitive field such
as submicrometer semiconductor mi-
croscience and technology. The Cor-
nell research record is evidence of the
innovative ways that can be found to
meet the challenge of multidisciplinary
research programs and to garner their
rewards. It is anticipated that in the
years ahead NRRFSS will also be-
come an effective "bridge" between
the biological microsciences and sub-
micrometer physical electronics. 40
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New Faces, New Assignments
• Of the thirteen professors who
joined the College faculty this past
year, five are in computer science and
four in electrical engineering. Three
women are among the new faculty
members.

New assistant professors in the De-
partment of Computer Science are
Joseph L. Bates, Dina Bitton, Peter A.
Fejer, Gregory F. Johnson, and Abha
Moitra.

Bates, who is a specialist in pro-
gramming logic, received the doctoral
degree from Cornell in 1979. Since that
time, he has remained in the depart-
ment as a research associate, working
on a project based on his thesis re-
search. A native of Baltimore, he
received both the B.A. and M.S.E.
degrees from The Johns Hopkins Uni-
versity in 1973, at the age of eighteen.

Bitton is an Israeli citizen who
earned her B.Sc. and M.Sc. degrees in
mathematics at the Technion. Her
doctorate, in computer science, was
awarded by the University of Wiscon-
sin in 1981. A specialist in database
systems and parallel algorithms, she

41 was a research fellow at the Weizmann

Institute (in Israel) for one year, and an
assistant professor at the University of
Wisconsin until her appointment at
Cornell.

Fejer attended Reed College as an
undergraduate, and received the
Ph.D. in mathematics from the Uni-
versity of Chicago in 1980. He has
been at Cornell since that time, serving
as H. C. Wang Assistant Professor in
the Department of Mathematics. A
specialist in logic, he has now been
given a joint appointment in the De-
partment of Computer Science.

Johnson, whose specialty is pro-
gramming languages, majored in
mathematics at Pomona College and
worked as a systems programmer at
IBM's Research and Development
Laboratory before beginning graduate
study. In 1983 he received the docto-
rate from the University of Wisconsin
with a concentration in computer
science.

Moitra was born in Jodhpur, India.
In 1972, she ranked twenty-seventh in
a field of sixty thousand applicants for
the Indian National Science Talent
Scholarship. She received an M.Sc. in

physics from the Birla Institute of
Technology and Science, and a Ph.D.
in computer science from the Tata
Institute of Fundamental Research in
1981. A specialist in distributed pro-
gramming, she worked at the National
Centre for Software Development and
Computer Techniques before coming
to Cornell.

The four new faculty members in the
School of Electrical Engineering are
Ilesanmi Adesida, Clifford R. Pollock,
John Treichler, and Sally L. Wood,

Adesida is a specialist in microfabri-
cation who has been working as a
research associate at the National Re-
search and Resource Facility for Sub-
micron Structures (NRRFSS) at Cor-
nell. He will now be an assistant pro-
fessor, affiliated with both electrical
engineering and NRRFSS. A Nigerian
citizen, Adesida received the Ph. D. in
1979 from the University of California
at Berkeley.

Pollock, a specialist in quantum
electronics, joined the faculty last
spring as an assistant professor. He
studied electrical engineering as both
an undergraduate and a graduate stu-



dent at Rice University. After receiv-
ing the Ph. D. in 1981, he worked at the
National Bureau of Standards before
coming to Cornell.

Treichler's appointment is as an as-
sociate professor. After majoring in
electrical engineering as an under-
graduate at Rice University, he spent
four years in the Navy, where he rose
to the rank of lieutenant. He received
the Ph. D. from Stanford University in
1977, with a specialty in digital signal
processing. Before coming to Cornell,
he worked as a senior research scien-
tist at ARGOSystems, of Sunnyvale,
California, and as a lecturer at
Stanford.

Wood is also from Stanford, where
she was awarded the Ph. D. in 1978. A
specialist in digital signal processing,
image processing, and bioengineering,
she was employed by Telesensory
Systems, of Palo Alto, California,
where she helped develop optical
character recognition for use in ma-
chines that read for the blind. She
continued this research for the Veter-
ans Administration. Subsequently,
she worked for Contour Medical Sys-

tems, where she developed three-
dimensional models and displays from
two-dimensional CT images for surgi-
cal planning. She has been appointed
as an assistant professor.

The School of Chemical Engineer-
ing appointed Douglas Clark to its
faculty beginning in the 1984 spring
term. He received his undergraduate
education at the University of Ver-
mont, and earned the Ph.D. from the
California Institute of Technology in
1983. A specialist in biochemical en-
gineering, he will continue his research
on the transport of macromolecules
through porous media as an assistant
professor at Cornell.

In the Department of Geological
Sciences Teresa E. Jordan was named
acting assistant professor. A specialist
in sedimentary geology who received
the Ph. D. from Stanford University in
1979, Jordan has been working as a
research associate in the department.

Michael O. Thompson was ap-
pointed assistant professor in the De-
partment of Materials Science and En-
gineering, beginning in the 1984 spring
term. He received his undergraduate
training at the California Institute of
Technology. His doctoral work, in the
area of rapid energy deposition
phenomena, was conducted at Cornell
with Professor James W. Mayer.

The School of Operations Research
and Industrial Engineering has ap-
pointed Robin Roundy as an acting
assistant professor. He expects to
finish his dissertation (at Stanford
University) this year. A specialist in
production scheduling, he has worked
as a consultant on stock market
analysis for the Allstate Research and
Planning Division.

Streett
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• Administrative changes include
several in the Office of Dean Thomas
E. Everhart.

William B. Streett has assumed a
broader role in his position as associate
dean; his responsibilities now include
all areas of the dean's activities. A
professor of chemical engineering,
Streett spends half his time in the
dean's office. He came to Cornell in
1978 from the U.S. Military Academy
at West Point, where he was a faculty
member and director of the Science
Research Laboratory, which he
founded. His current research in-
cludes study of thermodynamic prop-
erties of fluids at high pressures, and
computer simulation of molecular li-
quids. He is a West Point graduate and
holds M.S. and Ph.D. degrees from
the University of Michigan.

Kenneth E. Torrance, professor of
mechanical and aerospace engineer-
ing, replaced Streett as half-time as-
sociate dean for graduate study and
research. Torrance, a specialist in heat
transfer and computational fluid
dynamics, joined the Cornell faculty in
1968 as an assistant professor of ther-
mal engineering. He holds the B.S.,
M.S., and Ph.D. degrees in mechan-
ical engineering from the University of
Minnesota, and had early experience
conducting research at the National
Bureau of Standards.

Also a half-time associate dean is
Ralph Bolgiano, professor of electrical
engineering, who is in charge of pro-
fessional programs. His responsibil-
ities include supervision of placement
activities, direction of the Engineering
Cooperative Program, and coordina-
tion of the Master of Engineering pro-
gram. Bolgiano holds the B.S.,

B.E.E., M.E.E., and Ph.D. degrees
from Cornell, and his experience in-
cludes a five-year period, before he
began doctoral studies, as a develop-
ment engineer with the General Elec-
tric Company. A specialist in tropo-
spheric radiophysics and atmospheric
turbulence, he has been a member of
the electrical engineering faculty since
1958.

• Other administrative changes in-
clude several in the leadership of
schools and departments.

Watt W. Webb has been serving as
director of the School of Applied and
Engineering Physics since January,
1983. A specialist in biophysics and
chemical physics, he has been a
member of the Cornell faculty since
1961. Webb was educated at the Mas-
sachusetts Institute of Technology,
earning the B.S. degree in 1947 and the
Sc.D. in metallurgy in 1955. After
completing his undergraduate pro-
gram, he worked for the Union Car-
bide Metals Company, and after com-
pleting his doctorate, he returned there
and became coordinator of fundamen-
tal research and assistant director of
research. Webb has been honored as a
Guggenheim fellow and is a fellow of
the American Physical Society. His
current professional activities include
serving as an editor for Physical Re-
view Letters.

Keith Gubbins has become director
of the School of Chemical Engineer-
ing, replacing Julian C. Smith, who
stepped down after serving as director
for eight years. Gubbins joined the
faculty as the Thomas R. Briggs Pro-
fessor of Engineering in 1976. He was
educated at the University of London,

Webb



Trotter Shoemaker Gergely

earning the B.Sc. degree in chemistry,
and the postgraduate diploma and the
Ph.D. in chemical engineering. He
previously taught at Imperial College,
London; the University of Guelph,
Ontario, Canada; the University of
Kent, England; and the University of
Florida. He conducts an active re-
search program in the thermodynamic
properties of liquids and liquid mix-
tures, and has published several
books, as well as numerous profes-
sional papers.

In the School of Operations Re-
search and Industrial Engineering, the
new director is Leslie E. Trotter, Jr.,
who has been serving as associate di-
rector. Trotter is a Cornell Ph.D.; he
received the degree in 1973 after earn-
ing the A.B. at Princeton and the M.S.
at the Georgia Institute of Technol-
ogy. He joined the Cornell faculty in
1975 after several years as a research
associate at the University of Wiscon-
sin and a faculty member at Yale Uni-
versity. Beginning in 1977, he spent
two years on leave at the Institute for
Econometrics and Operations Re-
search at the University of Bonn, West

Germany, doing research on discrete
optimization.

In the School of Civil and Environ-
mental Engineering, Christine Shoe-
maker has been appointed associate
director, and Peter Gergely has been
named chairman of the Department of
Structural Engineering.

Shoemaker, an associate professor
in environmental engineering, is a spe-
cialist in pest management, water re-
source systems, and mathematical
ecology. She was graduated from the
University of California at Davis and
earned the Ph. D. in mathematics at the
University of Southern California. In
1971 she came to Cornell as a research
associate in entomology, and the fol-
lowing year joined the engineering fac-
ulty. She has served on panels on pest
management for the National Acad-
emy of Sciences and, currently, for the
Food and Agriculture Organization of
the United Nations. At Cornell she is a
member of five graduate fields: civil
and environmental engineering,
applied mathematics, ecology and sys-
tematics, agricultural engineering, and
entomology.

Gergely, a professor, joined the
structural engineering department in
1963 after receiving his Ph. D. from the
University of Illinois. His under-
graduate education was at the Techni-
cal University of Budapest in Hun-
gary, and at Me Gill University in
Canada. His research specialties in-
clude structural mechanics, shells,
earthquake engineering, and rein-
forced and prestressed concrete. He is
registered as a professional engineer in
New York State, has been employed
as a structural engineer, and has spent
sabbatical leaves with the Pitts-
burgh-Des Moines Steel Company,
the Hungarian Academy of Sciences,
the University of Toronto, the Law-
rence Livermore National Labora-
tory, and the University of California
at Berkeley. He is a fellow of the
American Society of Civil Engineers
and the American Concrete Institute,
and has received four national awards
from these societies.

Richard W. Conway is acting chair-
man of the Department of Computer
Science while David Gries is on sab-
batical leave. 44
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• Appointments in industry-affiliated
capacities include that of Jeffrey Frey,
professor of electrical engineering, as
acting director of the new Cornell Pro-
gram on Microscience and Technol-
ogy. This program operates in connec-
tion with the "center of excellence" in
microscience and technology that was
recently established here by the Semi-
conductor Research Corporation.

Ronald Hudson was named asso-
ciate director of the Cornell Manufac-
turing Engineering and Productivity
Program; John A. Muckstadt, professor
of operations research and industrial
engineering, continues to serve as pro-
gram director. Hudson has a Cornell
undergraduate degree in mechanical
engineering and the M.S. in industrial
engineering and operations research
from Stanford University. From 1969,
when he completed his study at Stan-
ford, until he came to Cornell in 1983,
he was a manager in planning and con-
sulting for the Xerox Corporation. Ear-
lier he worked at the Lockheed Missiles
and Space Company as a systems
analyst and at the General Dynamics
Corporation as an engineer.

Clyde Mason Dies at 85
• Six months after the publication of
the fourth edition of his textbook on
chemical microscopy, Clyde W. Ma-
son, professor emeritus of chemical
engineering, died on December 8 at the
age of eighty-five. Mason, who held
the Emile M. Chamot Professorship of
Chemical Microscopy, retired in 1966
after thirty-three years of teaching.

Mason was an internationally rec-
ognized authority in his field. His spe-
cialty areas were the microscopical
properties and behavior of chemicals,
construction materials, and manufac-
tured products. He was the founder
and first chairman of the Division of
Analytical and Micro Chemistry of the
American Chemical Society, and
served as chairman of the Education
Committee of the American Society
for Metals. His publications include a
textbook, Introduction to Physical
Metallurgy, and the Handbook of
Chemical Microscopy, which he origi-
nally wrote with Chamot in two vol-
umes. Volume I of the handbook was
the publication that appeared last June
in a fourth edition, with Mason as the
sole author.

Mason

Mason was born in 1898 in Water-
town, South Dakota. He earned an
undergraduate degree at the Univer-
sity of Oregon and a Ph. D. in chemis-
try from Cornell.

He is survived by his wife,
Elizabeth, of Ithaca; a daughter, and a
son.



Berth

Berth Becomes WPI Vice President
• The plaque read, kkfor creative
thought and distinguished service to
the Cornell University College of En-
gineering/' The recipient was Donald
F. Berth, who was leaving Cornell
after twenty years to become vice pres-
ident for university relations at his
alma mater, Worcester Polytechnic
Institute (WPI). The occasion was a
farewell dinner, on his last night in
Ithaca, attended by a large contingent
of the professors, deans, and support
staff with whom he had worked.

The inscription fairly summarized
the character of Berth's Cornell
career, if not the substance. He first
came to the College of Engineering in
1962 as assistant to the dean, who at
that time was Dale R. Corson, later
provost and then president of the Uni-
versity. Berth's activities rapidly ex-
panded to cover not only administra-
tive tasks, but the development of
instructional programs, the establish-
ment of an advising and counseling
system for undergraduates, the found-
ing of Engineering: Cornell Quarterly,
which he served as editor for seven
years, and the development of a pro-

motional publications program. He
found time to handle public relations
and publicity, to help with the College
admission program, and to teach an
occasional short course in entrepre-
neurial engineering. His wish to keep
in close touch with students led to his
direction (with Richard H. Lance) of
the Engineering Cooperative Program
a few years ago.

As an assistant and then associate
dean, his work spanned the adminis-
trations of four deans of the College:
Corson, Andrew Schultz, Jr., Edmund
T. Cranch (now president of WPI),
and Thomas E. Everhart.

Most recently his major respon-
sibilities were in the area of corporate
relations and development. Fund-
raising for the College was unusually
effective during his years as develop-
ment officer. He gained a reputation
for understanding the various needs of
the institution, and the ability to match
those needs with the interests of spon-
sors and donors. He was effective also
in helping to organize and promote
special laboratories and consortia with
industry. Significantly, the funding

Berth helped implement supported
students, faculty positions, and educa-
tional programs, as well as buildings,
equipment, and renovation.

Berth's academic background is in
chemical engineering; he holds
bachelor's and master's degrees in that
speciality from WPI. His first job was
at Corning Community College in up-
state New York, where he was the
assistant to the president and director
of admissions, and taught chemistry
and physics. He also served for a time
as an administrator at Hampshire Col-
lege, and he has been a consultant to
several other educational institutions.

Berth's new position returns him to
his native state and to an institution
with which he has maintained close
ties. His Cornell experience will con-
tribute to his work at WPI, for his
responsibilities there encompass many
of the areas in which he worked here.
k k Don has had a long and distinguished
association with the College," Dean
Everhart commented. ktWe shall miss
him greatly, and wish him well as he
undertakes this important position for
his alma mater." —GMcC 46



Honors for Alumni, Professors, and Students
• A new engineering professorship in
honor of a prominent alumnus was
established last fall. The Charles W.
Lake, Jr. Professorship in Productiv-
ity was announced at a special cere-
mony on campus on September 23.

Lake, a 1941 Cornell graduate in
administrative engineering, recently
retired as chairman and chief execu-
tive officer of R. R. Donnelley & Sons,
the world's largest commercial print-
ing firm. He served Cornell for many
years as a member of the Engineering
College Council, and he was chairman
of that advisory group for seven years.
Also, he was a Cornell trustee from
1973 through 1978, and has been
named a Presidential Councillor.

The endowed professorship was
funded at $1.4 million with gifts from
Lake and the R. R. Donnelley firm. In
his remarks at the ceremony, Cornell
President Frank H. T. Rhodes pointed
out the appropriateness of a chair in
productivity, an area in which Lake
has been a leader and in which the
College of Engineering is developing
an active program. Rhodes remarked

47 on Lake's outstanding contributions to

Above: Charles W. Lake, Jr. (at left)partic-
ipated in a ceremony to announce the new
Lake professorship. With him is Cornell
President Frank H. T. Rhodes.

the nation, the community, and the
University, as well as in his profes-
sional career.

Other participants in the ceremony
included Thomas E. Everhart, dean of
the College of Engineering, and
Gaylord Donnelley, honorary chair-
man of the firm's board of directors.

• A Cornell electrical engineering
graduate, Lynn W. Ellis, has received
the 1983 Award in International
Communication from the Institute of
Electrical and Electronics Engineers
(IEEE). Now an independent consul-
tant on international business, Ellis
spent most of his career with the Inter-
national Telephone and Telegraph
Corporation (ITT), and has served at
the national level on various advisory
groups on telecommunications and
space communications. He is a fellow
of the IEEE and of the American As-
sociation for the Advancement of Sci-
ence, and has a Letter of Commenda-
tion from the Secretary of Commerce.
He holds the B.S.E.E. degree from
Cornell, the M.S. from Stevens Insti-
tute of Technology, and the Doctor of
Professional Studies in Management
from Pace University.

• Two Cornell researchers received
the Paul Rappaport Award of the Insti-
tute of Electrical and Electronics En-
gineers for the year's best paper on
electron devices. They are Jeffrey
Frey, professor of electrical engineer-



ing, and Robert Cook, his former
Ph. D. student who is now employed at
the IBM General Technology Divi-
sion in Fishkill, New York. The win-
ning paper concerns research dis-
cussed by Frey in this issue of the
Quarterly (see page 12).

• Thomas J. Santner was selected by
student vote last spring as the year's
outstanding professor in operations re-
search and industrial engineering.
(Lionel I. Weiss, earlier reported here
as the recipient, actually was chosen
for the preceding year.)

• A Cornell Ph. D. thesis in computer
science won the 1983 Doctoral Disser-
tation Award of the Association for
Computing Machinery (ACM). The
recipient was Thomas Reps, who
earned his Ph.D. in 1982 under As-
sociate Professor Ray T. Teitelbaum,
and since then has been a postdoctoral
associate in the Department of Com-
puter Science.

The award provides a $1,000 prize
and publication of the work by the
M.I.T. Press. Publication was set for
mid-February, 1984, to coincide with
the announcement of the award at the
ACM national conference. This is the
second time the annual award has been
made.

• Thomas D. O'Rourke, associate
professor of civil and environmental
engineering and specialist in soil-
structure interaction, was awarded the
Collingwood Prize of the American
Society of Civil Engineers at its annual
convention this fall. He was cited for a
paper on ground movements caused by
braced excavations; it appeared in the
society's journal in 1981.

Reps and Teitelbaum

• • • • • •

• Cornell football star Derrick Har-
mon, a senior in engineering physics,
was named Ivy League Player of the
Year this fall. Later he was drafted by
the Oklahoma Outlaws in the seven-
teenth round of the U.S. Football
League. Other football honors he has
received this year include selection by
the Ithaca Journal as athlete of the
year.

Harmon

If II

The Outlaws are one of the six U.S.
Football League expansion teams. Al-
though he expressed interest in the
Oklahoma team, Harmon may have
other professional opportunities: the
National Football League draft will be
in April.

In 1982 Harmon was named to the
All-Ivy First Team and the Academic
All-American First Team, and won an
AP All-America honorable mention.
Also that year he received Cornell's
Charles Colucci Award for the non-
senior who makes the greatest contri-
bution to the team.

Harmon, a 5-10, 196-pound tailback
from Queens, New York, led the Big
Red in rushing. During his Cornell
career, he carried the ball 546 times for
a total of 3,074 yards, an average of 5.6
yards per carry. (At Cornell this is
second only to the rushing record of Ed
Marinaro, who ran for 4,715 yards.)
Harmon was only the fourth rusher in
the Ivy League to exceed 1,000 yards
in a season.

Equally impressive is Harmon's
scholastic record. He has frequently
made the dean's list. 48



FACULTY
PUBLICATIONS

Current research activities at the Cornell Uni-
versity College of Engineering are represented
by the following publications and conference
papers that appeared or were presented during
the four-month period March through June,
1983. (Earlier entries omitted from previous
Quarterly listings are included here with the year
of publication in parentheses.) The names of
Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Campbell, J. K., and W. H. Brown. 1983. Ridge
tillage for corn production on wet soils. Report
no. NAR83-102. St. Joseph, MI: American
Society of Agricultural Engineers.
Cargill, B. F., andG. E. Rehkugler. 1983. Post-
collection operations on the harvester. In Prin-
ciples and practices for harvesting and handling
fruits and nuts, ed. M. O'Brien, B. F. Cargill,
and R. B. Fridley, pp. 377-411. Westport, CT:
AVI Publishing.
Furry, R. B. 1983. Computers and computer
graphics in the agricultural engineering cur-
riculum. In Engineering-images for the future.
Proceedings of 1983 Annual Conference, Amer-
ican Society for Engineering Education, ed. L.
Gray son and J. Biedenbach, pp. 1-4.
Washington, DC: ASEE.
Haith, D. C, and/?. C. Loehr. 1983. The role of
soil and water conservation practices in water
quality control. In Environmental management
of agricultural watersheds, ed. G. Golubev,pp.
139-64. Laxenburg, Austria: International Insti-

49 tute for Applied Systems Analysis.

Jewell, W. J., R. J. Cummings, S. DeWOrto, K.
J. Fanfoni, S. J. Fast, E. J. Gottung, D. A.
Jackson, and/?. M. Kabrick. 1983. Dry fermen-
tation of agricultural residues. Report no. DE-
83007203. Springfield, VA: National Technical
Information Service.

Jewell, W. J., R. K. Koelsch, R. J. Cummings,
and C. E. Harrison. 1983. Co-generation of
electricity and heat from biogas. U.S. Depart-
ment of Agriculture report no. 59-2361-1-2-
113-0-5. Ithaca, NY: Cornell University De-
partment of Agricultural Engineering.

Loehr, R. C. 1983a. Environmental effects of
land application of sludges. In Municipal and
industrial sludge utilization and disposal, pp.
53-58. Rockyille, MD: Hazardous Waste Man-
agement Institute.

. 19836. Reduction of organics by biologi-
cal treatment. In Control of organic substances
in water and wastewater. Report no. 600/8-83-
011, pp. 305-36. Washington, DC: Environmen-
tal Protection Agency.

Millier, W. F.,L v.d. Werken,and7. A. Throop.
1983. A recoil-impact shaker for semi-dwarf
apple trees. Paper no. 83-1080, read at summer
meeting of American Society of Agricultural
Engineers, 26-29 June 1983, in Bozeman, MT.

Pitt, R. E., and D. C. Davis. 1983. Finite
element analysis of fluid-filled cell response to
external loading. Paper read at summer meeting
of American Society of Agricultural Engineers,
26-29 June 1983, in Bozeman, MT.

Scott, N.R.,N.A. Sigrimis, A. T. Sobel, R. A.
Marshall, D. V. H. Drenkard, and C. Mon-
te magno. 1983. Electronic developments in
dairy herd management. Paper read at Sym-
posium on Automation in Dairying, 20-22 April
1983, in Wageningen, The Netherlands.

• APPLIED AND
ENGINEERING PHYSICS

Batson, P. E., and7. Silcox. 1983. Experimental
energy-loss function, Im[-l/c(q^)] for alumi-
num. Physical Review B 27(9):5224-39.
Bloom, J. A., and W. W. Webb. 1983. Lipid
diffusibility in the intact erythrocyte membrane.
Biophysical Journal 42:295-305.
DelPriore, L. V., and A. Lewis. 1983. Calcium-
dependent activation and deactivation of rod
outer segment phosphodiesterase is calmod-
ulin-independent. Biochemical and Biophysical
Research Communications 113:317-24.
Del Priore, L. V.,A. Lewis, and K. A. Schat.
1983. A Raman investigation of membrane
structural alterations and membrane bound
carotenoids in malignant and normal avian lym-
phocytes. Journal of Membrane Biochemistry
5:2.
Isaacson, M. S. 1983. Nanolithography with
electron beams. Engineering: Cornell Quarterly
18(l/2):28-32.
Lewis, A. (1982.) Resonance Raman spectros-
copy of rhodopsin and bacteriorhodospin: An
overview. In Methods in enzymology, ed. L.
Parker, pp. 561-617. New York: Academic
Press.

. 1983. Resonance Raman spectroscopy:
A selection probe of rhodopsin and bac-
teriorhodopsin structure and function. In Ad-
vances in infrared and Raman spectroscopy,
vol. 2, ed. R. J. Clark and R. E. Hester, p. 411.
New York: Wiley.
Lewis, A., and M. S. Isaacson. 1983. Light
transmission through submicron apertures. En-
gineering: Cornell Quarterly 18(1/2):36-40.
Lewis, A., and G. J. Perreault. (1982.) Emission
spectroscopy of rhodopsin and bacteriorhodop-



sin. In Methods in enzymology, ed. L. Parker,
pp. 217-29. New York: Academic Press.

Siegel, B. M. 1983. Ion beams for very-high-
resolution lithography. Engineering: Cornell
Quarterly 18(1/2): 33-35.

"Webb, W. W. 1983. Fluctuation probes of indi-
vidual molecules in cell biophysics. Paper read
at meeting of American Physical Society, 21-25
March 1983, in Los Angeles, CA.

• CHEMICAL ENGINEERING
Barreiros, S. F.,7. C. G. Calado, and M. Nunes
da Ponte. (1982.) The melting curve of carbon
monoxide. Journal of Chemical Thermo-
dynamics 14:1197-98.

Barreiros, S. F.,7. C. G. Calado, M. Nunes da
Ponte, and W. B. Streett. (1982.) The equation of
state and thermodynamic properties of liquid
carbon monoxide. Advances in Cryogenic En-
gineering 27:903-10.

. 1983. Thermodynamic properties of liq-
uid mixtures of krypton + methane. Journal of
the Chemical Society, Faraday Transactions 1
79:1869^80.
Calado, J. C. G. (1982.) Excess thermodynamic
properties of mixtures of molecular liquids.
Paper read at 37th Annual Calorimetry Confer-
ence, 20-23 July 1982, in Snowbird, UT.

. 1983a. Lionel Stayeley and the devel-
opment of thermodynamics abroad. Revista
Portuguesa de Quimica 25:115-17.

. 19836. Thermodynamics of mixtures of
simple polar molecules. In Proceedings of 1st
International Conference on the Ther-
modynamics of Non-Electrolyte Solutions, ed.
M. Bravo and M. I. Paz-Andrade, p. 269. San-
tiago de Compostela, Spain: Universidad de
Santiago de Compostela.

Calado, J. C. G., E. Chang, and W. B. Streett.
1983. Vapor-liquid equilibrium in the krypton-
xenon system. Physica 117 A: 127-38.

Calado, J. C. G., and P. Clancy. (1982.) The
thermodynamics of ethylene and its mixtures: A
comparison of experiment with theory. Paper
read at Symposium on Molecular Forces and
Molecular Dynamics, 6-7 December 1982, in
Coimbra, Portugal.

Calado, J. C. G., and J. M. N. A. Fareleira.
1983. Excess volumes of binary liquid mixtures
of globular molecules with n-alkanes. In Pro-
ceedings of 1st International Conference on the
Thermodynamics of Non-Electrolyte Solutions,
pp. 399-409. Santiago de Compostela, Spain:
Universidad de Santiago de Compostela.

Calado, J. C. G., and A. M. F. Palavra. 1983.
Determinacao da composicao de mixturas
binarias de gases. In Proceedings of 1st Interna-
tional Conference on the Thermodynamics of
Non-Electrolyte Solutions, pp. 247-58. Santiago
de Compostela, Spain: Universidad de Santiago
de Compostela.

Calado, J. C. G., and V. A. M. Soares. 1983. A
thermodynamic study of the system methane +
nitric oxide. In Proceedings of 1st International
Conference on the Thermodynamics of Non-
Electrolyte Solutions, pp. 269-308. Santiago de
Compostela, Spain: Universidad de Santiago de
Compostela.

Cocchetto, J. F. 1983. Fuel cells: A clean,
efficient source of electricity. Engineering: Cor-
nell Quarterly 17(4): 11-19.
Edgehill, R. U., and/?. K. Finn. 1983. Microbial
treatment of soil to remove pentachlorophenol.
Applied and Environmental Microbiology
45:1122-25.

Gray, C. G., K. E. Gubbins, S. Murad, and K.
S. Shing. (1983.) The effect of nonaxial quad-
rupole forces on liquid properties. Chemical
Physics Letters 95:541-43.

Gubbins, K. E. 1983a. 1983. Equations of state:
New theories. Paper read at 3rd International
Conference on Fluid Phase Equilibria, 11 April
1983, in Callaway Gardens, GA.

. 19836. Molecular studies of gas prop-
erties. Paper read at Gas Research Institute
Properties Workshop, 16 March 1983, in San
Francisco, CA.

. 1983c. The application of perturbation
theory to liquids and liquid mixtures. Paper read
at CCP5 Conference on the Computer Simula-
tion of Molecular Liquids and Liquid Mixtures,
29 March 1983, in Hull, England.

. 1983a\ The application of perturbation
theory to liquids and liquid mixtures. Paper read
at Royal Society of Chemistry Conference on
Liquids and Liquid Mixtures, 28 March 1983, in
Hull, England.

. 1983 .̂ The impact of Lionel Staveley's
research on the theory,of liquid mixtures. Re-
vista Portuguesa de Quimica 25:74-82.

Harriott, P. 1983. "Mass transfer to particles":
A citation classic. Current Contents 14(24): 14.

Harriott, P., and J. C. Smith. 1983. Mass trans-
fer in Unit operations of chemical engineering.
Paper read at annual meeting of American Soci-
ety for Engineering Education, 19-23 June 1983,
in Rochester, NY.

Heintz, A., and W. B. Streett. 1983. Phase
equilibria in the Ha/QF^ system at temperatures
from 114.1 to 247.1 K and pressures to 600 MPa.
Berichte der Bunsen-Gesellschaft fur Physikal-
ische Chemie 87:298-303.

Jonah, D. A., K. S. Shing, V. Venkatasubrama-
nian, and K. E. Gubbins. (1983.) Molecular
thermodynamics of dilute solutes in supercritical
solvents. In Chemical engineering at supercriti-
cal fluid conditions, ed. M. E. Paulaitis, J. M. L.
Penninger, R. D. Gray, Jr., and P. Davidson,
pp. 221-44. Ann Arbor, MI: Ann Arbor
Science.

Machado, J. R. S., and W. B. Streett. 1983.
Equation of state and thermodynamic properties
of liquid methanol from 298 to 489 K and pres-
sures to 1040 bar. Journal of Chemical and
Engineering Data 28:218-23.

Misewich, J., C. N. Plum,P. L. Houston, and/?.
P. Merrill. 1983. Vibrational relaxation during
gas-surface collisions. Journal of Chemical
Physics 78:4245^*9.

Monson, P. A., and K. E. Gubbins. 1983.
Molecular theory of fluids with Gaussian over-
lap potentials. Paper read at 3rd International-
Conference on Fluid Phase Equilibria, 11 April
1983, in Callaway Gardens, GA.
Monson, P. A., W. A. Steele,and W. B. Streett.
1983. Equilibrium properties of molecular fluids
with charge distributions of quadrupolar sym-
metry. Journal of Chemical Physics 78:4126-32.
Olbricht, W. L. 1983. Experimental studies of
droplet motion through model porous media.
Paper read at Rheology in Crude Oil Production
conference, 13-15 April 1983, in London,
England.
Rathbun, B. L., and M. L. Shuler. 1983. Heat
and mass transfer effects in static solid-substrate
fermentations: Design of fermentation cham-
bers. Biotechnology and Bioengineering
25:92SU38.

Rodriguez, F. 1983. Improved polymers for ad-
vanced lithography. Engineering: Cornell Quar-
terly 18(1/2): 19-22.
Sanou, M., and C. Cohen. 1983. Effects of
processing variables on the injection molding of
glass-fiber filled thermoplastics. In Society of
Plastics Engineers, Technical Papers, vol. 29, __
pp. 734-36. Stamford, CT: SPE. 50



Shing, K. S., andK. E. Gubbins. 1983. A review
of methods for predicting fluid phase equilibria:
Theory and computer simulation. In
Molecular-based study of fluids. A.C.S. Ad-
vances in Chemistry Series, vol. 204, ed. J. M.
Haile and G. A. Mansoori, pp. 73-106.
Washington, DC: American Chemical Society.

Shuler, M. L., and A. G. Hallsby. 1983. Large
scale cultivation of plant cell tissue cultures:
Prerequisites and examples. Paper read at 83rd
Annual Meeting, American Society for Mic-
robiology, 6-11 March 1983, in New Orleans,
LA.

Steen, P. H., andS. H. Davis. 1983. Transitions
in weakly-coupled nonlinear oscillators. In
Coupled nonlinear oscillators,, ed. J. Chandra
and A. Scott, pp. 1-5. Amsterdam: North-
Holland.

Streett, W. B., P. Clancy, D. Chokappa, and A.
Heintz. 1983. Phase equilibria in hydrogen bi-
nary mixtures from 63 to 280 K and pressures to
6000 bars. Paper read at 9th AIRAPT Interna-
tional High Pressure Conference, 24-29 July
1983, in Albany, NY.

Streett, W.B.,A. Heintz, P. Clancy, and/. C. G.
Calado. 1983. Phase equilibria in hydrogen bi-
nary mixtures at pressures up to 6000 bar. Paper
read at Conference on Liquids and Liquid Mix-
tures, 28-29 March 1983, in Hull, England.
Tarazona, P., M. M. Telo da Gama, and R.
Evans. 1983. Wetting transitions at fluid-fluid
interfaces, I and II: The order of the transition,
and The thickness of the wetting layer. Molecu-
lar Physics 49:283-300, 301-14.

Telo da Gama, M. M., and R. Evans. 1983.
Adsorption and wetting transitions at a model of
the interface between a solid and a binary fluid
mixture. Molecular Physics 48:687-714.

Wallis, K., J. A. Zollweg, and W. B. Streett.
(1982.) Experimental measurements of heats of
mixing of liquefied gases. Paper read at 37th
Annual Calorimetry Conference, 20-23 July
1982, in Snowbird, UT.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Brog, W., E. Erl, A. H. Meyburg, and M. J.
Wermuth. 1983. Problems of non-reported trips
in surveys of non-home activity patterns. Trans-
portation Research Record 891:1-5.

Brog, W., and A. H. Meyburg. 1983. Influence
of survey methods on the results of representa-
tive travel surveys. Transportation Research
17 A(2): 149-56.

Carrasquillo, R. L., and F. O. Slate. 1983.
Microcracking and definition of failure of high-
and normal-strength concretes. Cement, Con-

51 crete, and Aggregates 5(l):54-61.

Conley, C. H., R. N. White, and P. Gergely.
1983. Analysis of reinforced concrete contain-
ment vessels with nonlinear shearing stiffness.
Report no. NUREG/CR-3255. Washington,
DC: Nuclear Regulatory Commission.

Dick, R. I. 1983. Physical properties of activated
sludges. In Sludge characteristics and behavior,
ed. J. B. Carberry and A. J. Englande, Jr., pp.
114-33. The Hague: Nijhoff.
Dick, R. I., and G. L. Christensen. 1983. Dis-
cussion of "Factors limiting emulsified lipid
treatment capacity of activated sludge,'' by S. E.
Hrudey. Journal of the Water Pollution Control
Federation 55:1023-24.

Fleming, R. A., C. A. Shoemaker, and J. R.
Stedinger. 1983. Analysis of the regional
dynamics of unsprayed spruce budworm
(Lepidoptera: Tortricidae) populations. En-
vironmental Entomology 12:707—13.

Grigoriu, M. (1982-83.) Methods for approxi-
mate reliability analysis. Structural Safety
1:155-65.

. 1983a. Analysis of general combinations
of structural loads. In Proceedings of 4th Inter-
national Conference on Applications of Statis-
tics and Probability in Soil and Structural En-
gineering, ed. G. Augusti, A. Borri, and G.
Vannucchi, pp. 249-60. Florence, Italy: Pitag-
ora Editrice Bologna.

. 19836. Approximate reliability analysis.
In Proceedings of 4th Engineering Mechanics
Division Specialty Conference, ed. W. F. Chen
and A. D. M. Lewis, pp. 867-70. New York:
ASCE.

. 1983c. Structural response to modulated
random excitations. In Proceedings of 4th En-
gineering Mechanics Division Specialty Confer-
ence, ed. W. F. Chen and A. D. M. Lewis, pp.
263-66. New York: ASCE.

Gunsallus, K. L., and F. H. Kulhawy. 1983.
Strength testing of selected Silurian sedimen-
tary rock. Geotechnical Engineering Report
83-6. Ithaca, NY: Cornell University.

Ishibashi, / . 1983. A simple procedure to predict
pore-pressure-rise of saturated granular soils
during earthquakes. In Mechanics of granular
materials: New methods and constitutive rela-
tions, ed. J. T. Jenkins and M. Satake, pp.
89-98. Amsterdam: Elsevier.

Jordan, W. C, and M. A. Turnquist. 1983. A
stochastic, dynamic model for railroad car dis-
tribution. Transportation Science 17(2): 123-45.

Kulhawy, F.H.,A.R. Ingraffea, Y.-P. Huang,
T.-Y. Han, andM. A. Schulman. (1982.) Interac-
tive computer graphics in geomechanics. In
Proceedings, 4th International Conference on
Numerical Methods in Geomechanics, vol. 3,
ed. Z. Eisenstein, pp. 1181-92. Rotterdam,
Netherlands: A. A. Balkema.

Kulhawy, F. H., T. D. ORourke, and P. G.
Landers. 1983. Geotechnical planning for
transmission structures. In Proceedings, 7th
Pan-American Conference on Soil Mechanics
and Foundation Engineering, vol. l ,pp. 135-45.
Vancouver: Canadian Geotechnical Society.
Liu, P. L.-F. 1983. Wave-current interactions on
a slowly varying topography. Journal of
Geophysical Research 88(7):4421-26.
Meyburg, A. H. 1983. Review of The economics
of urban freight transport, by K. J. Button and
A. D. Pearman. Transportation Research
17A(2): 157-58.
Nelson, P., T. D. O'Rourke, andF. H. Kulhawy.
1983. Factors affecting TBM penetration rates
in sedimentary rocks. In Proceedings, 24th U.S.
Symposium on Rock Mechanics, ed. C. C.
Mathewson, pp. 227-37. College Station, TX:
Association of Engineering Geologists.

Nickesen, A. H., A. H. Meyburg, and M. A.
Turnquist. 1983. Ridership estimation for short-
range transit planning. Transportation Research
17B( 3): 233-44.

Osawa, A., C. A. Shoemaker, and J. R.
Stedinger. 1983. A stochastic model of balsam
fir bud development and its use in spruce bud-
worm control. Forest Science 29(3):478-90.
Sansalone, M., and R. N. White. 1983. End-
grain dowel connections in laminated timber.
Department of Structural Engineering Report
no. 83-4. Ithaca, NY: Cornell University.
Shoemaker, C. A., and D. W. Onstad. 1983.
Optimization analysis of the integration of
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