











.. .itisin this range of size that

conventional microelectronic devices will find
their limits and new ones will be developed.”

resource for our national research ef-
forts in this direction. The idea was
original; and from its inception,
NRRFSS has embodied a growing
cooperative spirit among government,
academic, and industrial sponsors—a
spirit that can only benefit all these
constituents.

The objectives of Cornell and NSF
in establishing the facility were:
® to promote and carry out research
to advance the art of submicrometer
fabrication technology and to train
scientists and engineers in this field;
® to provide a resource, primarily for
use by the university community, to
fabricate advanced devices or re-
search structures which require sub-
micrometer dimensions;
¢ to stimulate innovative research, in
a variety of fields, that will shed light
on fundamental physics or materials
problems which affect or limit appli-
cations of submicrometer technology;
® to keep the technical community
informed of progress at the facility.

These far-reaching goals remain as
important today as when they were

3 formulated, and the facility continues

to strengthen its research and re-
sources. Dedicated to discovering the
concepts, techniques, and thin-film
materials for the next generation of
electronic devices, NRRFSS is the
only national laboratory located at a
university that has the required capa-
bility, in equipment and expertise, for
multilevel processing at dimensions of
0.25 micrometer and below. Further-
more, it is unique in that it is open to
visiting researchers from other univer-
sities, from government, and from
industry.

The program now involves some
two hundred researchers. They in-
clude about thirty-seven Cornell fac-
ulty members from ten departments,
sixteen faculty members from other
universities, twelve scientists from
industrial and government laborato-
ries, twenty-five research associates,
and more than one hundred graduate
students from across the nation. The
group of research associates provides
the equivalent of nine full-time techni-
cal staff members to operate, main-
tain, and develop highly specialized
equipment and processes, and to as-

sist visiting and resident users. The
annual budget, initially $750,000, now
totals about $2.2 million.

THE DUAL APPROACH:
USE AND DEVELOPMENT
Project work at NRRFSS is coordi-
nated in two programs: User Re-
search, in which the facility functions
as a resource for investigators from
laboratories throughout the nation;
and Facility Development Research,
in which the aim is to provide
NRRFSS with state-of-the-art re-
sources for microfabrication and mi-
croanalytical technologies, and to ad-
vance microstructures engineering
and science for the benefit of re-
searchers everywhere. Both programs
help provide a pool of trained person-
nel familiar with the exotic and often
very expensive instrumentation of
these technologies—a pool of experts
that is vital to the United States’ effort
to compete successfully with foreign
microelectronics industries.

Robert A. Buhrman, Cornell pro-
fessor of applied and engineering
physics, was appointed associate di-
















































IMPROVED POLYMERS
FOR ADVANCED LITHOGRAPHY

by Ferdinand Rodriguez

In some of the earliest recorded ex-
periments in photolithography, con-
ducted in 1822, J. N. Niepce was able
to produce a pattern (graphos) on a
stone (lithos) surface by the interac-
tion of light (photos) with a polymer.
Niepce began by spreading a thin
film of a natural resin, bitumen of
Judea, on a smooth stone surface.
After the film had dried, it was ex-
posed to sunlight through a partial
mask. Where struck by sunlight, the

The Cornell project on polymers for
advanced lithography is directed by
Professor Rodriguez, a member of the
School of Chemical Engineering, and
Professor S. Kay Obendorf of the De-
partment of Design and Environmen-
tal Analysis. The experimental work is
being conducted by Charles C. Ander-
son, Wendy J. Cooper, Philip D.
Krasicky, Yarrow Namaste, and Karin
U. Pohl. The high-resolution line ex-
posure and SEM work is carried out
with Richard Tiberio and Edward D.
Wolf in the Knight Laboratory. The
International Business Machines Cor-

19 poration provides financial support.

resin became crosslinked and insolu-
ble; where protected by the mask, it
remained soluble. When the soluble
film was washed away, there re-
mained a pattern of insoluble resin
that could be used for printing, since,
unlike the bare stone, it could be wet-
ted by ink. Prints were produced
when paper was pressed against the
ink-wetted pattern.

Producers of computer chips use
basically the same process of photo-
lithography, although the materials
have changed. The silicaceous stone
has been replaced by a silicon wafer
and the bitumen of Judea by special
synthetic polymers. And while the
major active component of sunlight,
ultraviolet radiation, is still used to
produce most chips, a beam of elec-
trons has been found to be superior.
This is because ultraviolet light has a
basic limit of resolution of about one
micrometer, and if as many as a mil-
lion circuit elements are to be packed
on a tiny silicon chip, some features
have to be smaller than that. A beam
of electrons can be used to draw a line
as narrow as 0.1 micrometer or less.

THE TECHNIQUE OF

E-BEAM LITHOGRAPHY

In electron-beam lithography, the
general procedure (see Figure 1) con-
sists of five steps:

1. A thin, uniform film of polymer is
spread on a wafer of silicon which,
typically, has a layer of silicon oxide
on its surface.

2. After the film has been dried, a
scanning beam of electrons, con-
trolled by a microprocessor, is used to
change the solubility of portions of the
polymer film. In a so-called ‘‘posi-
tive-working’’ film, the solubility is
increased by the beam (rather than
decreased, as the bitumen was in
Niepce's early experiments).

3. The irradiated portion of the film is
washed away, leaving behind the
polymer that has not been exposed.

4. A fluoride-containing acid solution
or a reactive plasma etches through
the silicon oxide layer where the
polymer film has been removed. Now
the silicon surface that is exposed can
be doped, metallized, or insulated to
become part of a complex system of
electrical circuits.
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Figure 2. Copolymerization as a means of

increasing the sensitivity of a resist.

a. Cornell researchers have experimented
with copolvmers of itaconic acid (1A) and
methvl methacrviate (MMA).

b. Tests show that such a copolymer ex-
hibits greater sensitivity to electron irradi-
ation than does PMMA, the polymer
Jormed from MMA alone. Here sensitivity
is measured in terms of the decrease in
number-average molecular weight, M,,
upon exposure to 40-kV electrons in doses
ranging from 2 to 10 uClem?. The
molecular-weight decrease reflects the ex-

smaller pieces as a result of exposure
to a given dose of electrons can be
calculated from molecular-weight
change.

An increase in the sensitivity of
PMMA without a loss of desirable
properties can be achieved by adding
a second ingredient as the polymer is
being formed. At Cornell, we have
found that itaconic acid copoly-
merized with methyl methacrylate
makes a very sensitive material: the
same dose of electrons causes a much

21 greater change in molecular weight

tent to which polvimer chains are broken
as a result of the radiation; in this exam-
ple, the number of chain scissions for a
given dose is more than five times as great
Sor the copolvmer as for the polvmer of
MMA alone.

than occurs in PMMA (Figure 2).
Modern chromatographic methods of
analysis permit the entire molecular-
weight distribution to be determined
with a very small sample; many
analyses could be made with the few
milligrams of polymer that make up
the film on an ordinary wafer.

TESTING THE PERFORMANCE
OF POLYMER RESISTS

An even more demanding test is to
make an actual pattern using the
polymer and to develop features of
one micrometer or less. Each process-
ing step has to be investigated when a
new material is being evaluated. With
our itaconic acid copolymer, for
example, high temperatures must be
avoided during drying because of
anhydride formation.

... production
engineers will be
able to select
polymers with

the particular
properties required.
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MICROSTRUCTURES
AND MATERIALS SCIENCE

at the National Submicron Facility

The most exciting engineering and
science often come from places where
two or more fields converge: the com-
bination of techniques and expertise
results in novel approaches to prob-
lems, and sometimes to unforeseen
and fruitful solutions. An excellent
example is the interrelation between
the science and technology of micro-
structures and the science of mate-
rials. As demonstrated in work at the
National Research and Resource
Facility for Submicron Structures
(NRRFSS) at Cornell, microfabrica-
tion techniques open the possibility of
structuring new materials on a near-
molecular scale, and new materials
may make possible new microdevices
by providing previously unavailable
properties.

At NRRFSS a variety of tech-
niques and equipment for the growth
and analysis of semiconductor mate-
rials is available to Cornell and non-
Cornell scientists and engineers, and
many of the researchers are con-
cerned with materials development,
either directly or in terms of device

23 fabrication. A brief survey of the

areas of NRRFSS activity from the
viewpoint of materials demonstrates
how the distinction between fields of
research diminishes along with size in
the submicron regime.

BEHAVIOR MODIFICATION

IN THE SUBMICRON WORLD
As the dimensions of semiconductor
devices are made smaller and smaller,
the materials from which they are
constructed begin to behave differ-
ently. When the dimensions approach
characteristic scattering lengths, it is
necessary to consider material struc-
ture in radically different ways.

New materials are grown either by
combining existing materials in novel
arrangements, or by doping materials
with impurities. In both cases, even
minute changes in character and com-
position can result in materials with
completely new properties, of enor-
mous potential applicability and
value.

One of the most important ways of
growing submicron materials is by
epitaxy, the technique of arranging
atoms in single-crystal layers upon a

crystalline substrate so that the crys-
tal lattice structure of the new thin
film exactly duplicates that of the sub-
strate. An extremely uniform film is
produced, and the dopant level can be
controlled precisely. Two techniques
available at Cornell are molecular-
beam epitaxy (MBE) and organometal-
lic vapor-phase epitaxy (OMPVE).

MBE achieves crystal growth
through the reaction of multiple mo-
lecular beams with a heated single-
crystal substrate in an ultrahigh-
vacuum environment. Each molecular
beam issues from a separate furnace
containing the element—tin (Sn),
aluminum (Al), gallium (Ga), arsenic
(As), or manganese (Mn). Shutters di-
rect the gas onto the substrate crystal,
where it is deposited as a very
homogeneous layer. Opening and clos-
ing the control shutters and manipula-
tion of the furnace and substrate tem-
peratures allows precise control over
the composition of the layers.

Cornell engineering professor Les-
ter Eastman, working in collaboration
with numerous Cornell and non-
Cornell researchers, uses MBE for















ELECTRONS, IONS, AND PHOTONS
IN SUBMICRON RESEARCH

1. Nanolithography with Electron Beams

by Michael S. Isaacson

In the rapid and spectacular develop-
ment of microelectronics, the diminu-
tion of circuit features has been the
chief impetus in the technology. As
more and more elements have been
packed on silicon chips, efficiency has
gone up and cost has come down.
There is an intrinsic limitation, how-
ever, in the reduction that can be
achieved with photolithography, the
chief patterning method used in the
industry today: the limitation set by
the wavelength of light. If structural
features are to be shrunk even further,
the technology must rely on ionizing
radiation of shorter wavelength, such
as electrons, ions, and X rays.

The smallest artificial patterns
ever reported were created by
electron-beam lithography in the na-
tional submicron facility here at Cor-
nell (see the etchings reproduced on
page 30). At the present time I am
working with graduate student An-
drew Muray in an NSF-sponsored
research program aimed at investigat-
ing the ultimate size limits of this tech-
nique. The dimensions we are con-
cerned with are in the range of

nanometers (nm); elements of this size
may have features more than two or-
ders of magnitude smaller than those in
most of the electronic devices that are
now being fabricated. We call pattern-
ing on this scale nanolithography.
Why are we interested in creating
features this small? Apart from the
general trend toward miniaturization
in electronics is the fact that struc-
tures in the size range below 100
nanometers (0.1 micrometer) are po-
tentially useful in a wide array of
technologies that are not oriented
toward electronics. Also, a large
number of scientific problems involve
the behavior of matter at these scales.
The possibilities are intriguing. For
example, the fabrication of metal or
metallized wafers with arrays of aper-
tures 50 nm or less in width makes
possible the construction of a light
microscope with spatial resolution
one-tenth the wavelength of visible
light (this is discussed in part 3 of this
article). Quasi-two-dimensional crys-
tals might be produced by creating
regular patterns on substrates on a

_scale of 10nm or less. Fine metal wires

about 10 nm in diameter could be
fabricated—an ability that s of interest
in the study of electron-localization
phenomena in metals. Strips such as
this could also be used to fabricate
simple ‘‘rulers’’ for metrology at that
size scale.

LITHOGRAPHIC PROCESSING
WITH ELECTRON BEAMS
Electron-beam lithography is similar
to photolithography, which was prac-
ticed long before anyone thought of an
electronic chip, but which became the
basis for the modern industry. Essen-
tially, photolithography is a process in
which light illuminates a polymer-
coated substrate through a mask or
stencil and the exposed areas are de-
veloped (much as with a photographic
film), leaving the pattern imprinted in
the polymer. After removal of the
more soluble exposed material, the
unexposed polymer acts as a ‘‘resist’’,
protecting the substrate against sub-
sequent etching, and the patterned
silicon is then treated to form micro-
scopic elements such as metal wires,
resistors, capacitors, and transistors.
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The smallness of these structures is
limited by the wavelength of the light
(about 400 nm for ultraviolet, which is
usually used).

The size limitation can be thought
of as a function of the fineness of the
patterning tool. If one wants to create
a fine line in a lithograph for printing,
one uses a scribe with as small a point
as possible. (In fact, lithographs made
during the eighteenth and nineteenth
centuries have line detail approaching
the sizes available in many commer-
cial integrated circuits!) When using
radiation other than visible light, one
would also like the ‘‘scribe’’, or
probe, to have as small a diameter as
possible. In our research carried out
at the national submicron facility, we
use a modified scanning transmission
electron microscope (STEM) with a
field-emission source (Figure 1). This
instrument can produce one nanoam-
pere of 100-ke V electrons inabeam 0.5
nm in diameter. In other words, the
“‘scribe’’ is small but very powerful: it
can impart a half million amperes (or 40
gigawatts) per square centimeter into

29 the structure to be patterned.
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Our program follows two lines of
research: the investigation of new ma-
terials that may be useful as patterning
resists at the nm size scale, and the
extension of existing technology that
relies heavily on polymer resists of
high molecular weight.

NEW MATERIALS

FOR USE AS RESISTS
Techniques already available have
been able to produce structures with
features only 10 to 20 nm in size. The
resists used in work reported in the

Figure 1. A schematic of the modified
scanning transmission electron micro-
scope (STEM) with a field-emission source
at room temperature.

literature have been conventional
polymers or polymeric material made
by the so-called Langmuir-Blodgett
trough method, and the size limits
have been thought to be due to sec-
ondary electrons which would have a
range sufficient to expose the polymer
at some distance from the incident
beam. In other studies, in situ poly-
merization of surface-borne organic
molecules by electron radiation has
resulted in isolated lines that are
slightly smaller—8 to 12 nm in width.
In this case, the limits are thought to
be due to the diffusion length of the
molecules on the surface, and to the
thickness of polymer needed as a re-
sist against the ion etching that is used
later in the process of forming the
circuit elements.

One might imagine that, indepen-
dent of other constraints, the ultimate
pattern size would be limited by the
polymer’s ‘‘grain size,”” which is
probably of the order of 5 nm (esti-
mated on the basis of the molecular
weight, in the range of 10* to 10¢
daltons for conventional resists). With
this in mind, we have investigated var-






























““Our research has shown that there is,
nevertheless, a way to adapt light for
applications in this dimensional range.”’

will be able to detect light that has
been transmitted through the 0.008-
micrometer apertures.

The aperture sizes were established
by directly comparing our light mi-
crographs with electron-microscopic
images that provided accurate mea-
surements of the aperture dimensions.
A comparison is shown in Figure 5.
The four apertures, ranging in size
from 0.24 to 0.03 micrometer, are the
same as those in the right-hand col-
umn of Figure 4.

TOWARD A 500-A SCANNING
OPTICAL MICROSCOPE
With the aperture array in place in our
microscope, we have been able to de-
tect laser-excited 6000-A fluorescence
from a perylene sample placed in near
field to the aperture. These experi-
ments are now being extended to test
the resolution of a scanning optical
microscope that would use nanometer
apertures and a pattern with compa-
rable dimensions to probe a sample.
The test pattern, constructed by
means of electron-beam nanolitho-

39 graphy, is a perylene grating with lines

500 A or less in width separated by
varying distances. This test pattern
will be mounted on the piezoelectri-
cally-driven stage and scanned across
the microscope aperture in near field.
A laser positioned at grazing inci-
dence will illuminate an 800-A layer of
surface molecules. The optical mul-
tichannel detector should record
fluorescence intensity that alternates
as a function of the position of the
grating (the intensity will be a con-
volution of the grating structure and
the near-field radiation pattern).
Several pieces of experimental evi-
dence have made us optimistic about
the ultimate success of such a high-
resolution scanning optical micro-
scope. A decade ago research with
microwaves of 3-mm wavelength es-
sentially demonstrated a microwave
microscope with a resolution one-
fifteenth the wavelength of the inci-
dent radiation. In our own laboratory
we have observed an expected sharp
decrease in the intensity of fluores-
cence transmitted through the aper-
tures as the distance between aperture
and fluorescing sample is increased.

Also, we have been satisfied with the
structural rigidity of the apertures and
the ease with which we have been able
to mechanically scan samples in
100- A steps.

What is the rationale for building a
light microscope with a resolution of
only 500 A when resolution two or-
ders of magnitude better is easily
achieved with an electron micro-
scope? The chief reason is that no
available microscope in the 500-A
range can image objects in air without
the destructive effects of ionizing
radiation. A high-resolution micro-
scope using visible radiation would
allow a variety of objects, from living
cells to integrated circuits, to be
viewed nondestructively in their na-
tive environments. Furthermore,
since such a microscope could be used
to image spectral phenomena such as
fluorescence and enhanced resonance
Raman scattering from surfaces, it
would be possible to make chemical
maps of dynamically changing sys-
tems. The fine time resolution of laser
beams would be especially valuable in
such applications.
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MICROPHYSICS FOR THE FUTURE

1. Periodic Submicron Structures

by Neil W. Ashcroft

Little by little the allure of small
things is beginning to take hold in the
community of condensed-matter
physicists. It is not simply because
small structures have been unavail-
able until now. As we know from the
venerable science of colloids, this is
not the case: by chemical and
evaporative techniques, it has been
possible to fabricate aggregates of par-
ticles whose characteristic sizes have
been as small as 20 A (or 0.002 mi-
crometer). But these particles are
usually not uniform in size or shape,
and there is generally no regularity in
the way they are arranged in space.
This is now changing, and changing
quickly. Small structures can be made
with prescribed dimensions smaller
than 1,000 A, and in principle they can
be connected with wires whose thick-
ness is about 300 A. There is nothing
in the laws of physics that prevents
the contemplated construction of
structures as small as 100 A. And

The research described here is sup-
ported by the Semiconductor Re-
search Corporation.

most interesting of all, there is the
possibility of producing regular arrays
of nearly identical particles, arrays
that will make possible a whole new
assortment of ultrasmall structures.
This possibility is one that is being
investigated theoretically by my re-
search group.

GEOMETRIC ARRAYS

ON ASMALL SCALE

Imagine regularly spaced arrays of
submicron particles produced in both
two and three dimensions. The former
are planar arrays; the latter can be
regarded as ‘‘crystal structures’’ with
cubic or more complex order. Actu-
ally, these might be better called
‘‘super-crystals’’, since each little
particle probably has its own local
crystalline order (though at present
we can’t guarantee an orientational
perfection or coherence from one par-
ticle to another). Possible uses of such
arrays include the construction of de-
vices that are sensitive to the presence
of radiation whose frequency is in a
particular range, as determined by the
geometry and scale of the array.

Geometrically uniform arrays of
submicron features such as apertures
can also, in principle, be fabricated.
The development of the technology
and examples of its possible applica-
tions are discussed by Michael Isaac-
son and Aaron Lewis in other articles
in this issue. For instance, they de-
scribe a light microscope that can re-
solve features one-tenth or less the
size of those at the current limits of
magnification by visible-radiation
microscopy.

CHANGE IN PROPERTIES

WITH DECREASING SIZE

What is fascinating about the prospect
of producing periodic submicron
structures is the fact—well known in
physics—that many phenomena do
not scale with size in a simple way. In
the following article, Bob Richardson
discusses some examples drawn from
the worlds of low-temperature
physics, phonon physics, and reso-
nance physics. In these the manifesta-
tion of ‘‘smallness’’ is predicted to be
quite dramatic. Perhaps a more un-
usual example is the notion that sim-



/... many of the concepts traditionally accepted

ply by making a normal metal wire
smaller and smaller in thickness, we
can actually induce the most funda-
mental of all phase changes—that is,
the change from a metal to an in-
sulator. This is the so-called localiza-
tion phenomenon, a quintessentially
quantum-mechanical effect that says
that the resistance of an ultrathin wire
can grow exponentially with its
length.

This is surprising behavior for a ma-
terial we normally think of as a metal,
and perhaps it may even be the first
cautionary flag in the drive to ultimate
smallness.

Another warning flag is the uninten-
tional but nevertheless inevitable dis-
order that is present in even the most
meticulously prepared submicron ar-
rays. This can be seen in our study of
super-crystals of GaAlAs spheres
embedded ‘‘periodically’’ in GaAs
host material. The word ‘‘periodi-
cally’’ is used advisedly, because in
real systems we cannot match the
theoretician’s pristine order. The
spheres vary slightly in size and from
time to time they are displaced from

in solid-state physics are simply no longer valid

on these new length scales.”’

perfect repetition. This disorder, un-
wanted though it may be, must be
included in a realistic description of
the system. It is the same kind of
problem that must be faced in the
theory of random electron systems:
too much disorder can ‘‘localize”
electrons that would otherwise be free
to move across such systems.

These are two examples of the basic
issues under study in the burgeoning
field of microscience, which provides
the underpinnings of microelectronics
and microfabrication. For condensed-
matter physicists, microscience means
the physics of small structures, both
isolated objects and aggregates of
them. It also embraces the physics of
their surfaces, and their junctions and
interfaces with other objects, both
large and small.

Particularly intriguing is the dis-
covery that many of the concepts tra-
ditionally accepted in solid-state
physics are simply no longer valid on
these new length scales. For instance,
how should we view the transport of
charge in our super-crystal of closely
spaced small structures—a model,

perhaps, of tight arrays? Obviously,
we have two areas of concern: in-
traparticle transport and interparticle
transport. In the former, the particles
are small enough that we can no
longer rely on our familiar ‘‘free elec-
tron’’ pictures. And in the latter, we
have to consider the fact that when an
electron hops onto a small submicron
structure, it can actually change the
potential of that structure locally.
This is certainly not our normal view
of transport in simple solids.

LIMITS TO SMALLNESS

IN MICROSTRUCTURES

How do we tackle these problems in
which one small structure begins to
interact with some of the surrounding
structures; how do we describe an
active device that is no longer isolated
from the processes of its neighbors? It
is not possible to go into details here,
but one way of approaching such sys-
tems in general terms is to expand the
notion of energy bands in a way that
parallels the expansion of our concept
of a crystal into that of a super-

crystal. Transport—for example, the 42






2. Submicron Structures at Very Low Temperatures

by Robert C. Richardson

Tiny uniform cylinders only a fifth of
a micrometer in diameter and a fifth of
a micrometer high are helping our re-
search group at Cornell answer some
basic questions about solids at tem-
peratures close to absolute zero.

The small particles are produced by
electron-beam lithography in the
laboratories of NRRFSS, the submi-
cron facility at Cornell. Their useful-
ness is that they are suitable as speci-
mens for probes of thermal activity
over very small distances at very low
temperatures. The great scientific in-
terest of the research lies in the fact
that in this thermal region near abso-
lute zero the usual ideas about trans-
port processes in solids are not valid,
and our measurements should lead to
revisions of fundamental theory.

Equilibrium temperatures well be-
low 1 mK (0.001 degree Kelvin) can be
obtained with current techniques,
but there are some important unan-
swered questions about what is meant

The research discussed in this article
is conducted under a contract with the
Office of Naval Research.

when we say a body is in equilibrium
at such temperatures. Our aim is to
investigate the thermal excitations in
metals and insulators under these
minimum  working temperatures,
using physical probes that are small
enough to be applicable.

AT THE LOWER LIMITS

OF SIZE AND TEMPERATURE
To illustrate the fundamental nature
of the problems faced, 1 have con-
structed a table that lists some charac-
teristic dimensions related to (1) ther-

mal effects at the minimum working
temperature of modern low-tem-
perature physics (taken as 1 mK), and
(2) size effects at the minimum practi-
cal dimension of present-day micro-
structures technology (taken as 0. 1 mi-
crometer or 1077 meter). Some of the
contrasts apparent in the table are
quite remarkable.

Consider first some characteristic
frequencies. At 1 mK the ‘‘noise fre-
quency’’ is 20 megahertz (MHz);
above this cut-off level, there should
be no random thermal excitation. This

1. Thermal Effects

KT/uy = 27 KG

CONTRASTING THERMAL AND SIZE EFFECTS

T=1mK
Frequency kT/h = 2x107
(noise cut-off)
Length hVgoung/KT = 200 um
Electric Field kT/e =86 nV
Magnetic Field kT/ug =15G

(electronic spin polarization)

(nuclear spin polarization)

2. Size Effects

x = 0.1 micrometer
E, = h/(8mx?) = 9x10°
(single electron in box)
AE = ENT'/® = 2x10
(state spacing in a metal)
hve/EF = 175 um
AE/e = 86 nV
AE/ug =15 G
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LETTERS

Solar and Fuel Cells
and the Hydrogen Economy

Hydrogen-Economy buffs should take
special note of the two feature articles in
your provocative Spring, 1983 issue. If the
theoretical efficiencies projected by Pro-
fessors Lewis and Cocchetto can be at-
tained for both the bacteriorhodopsin (BR)
process and for the fuel cell, prospects for
the full-blown development of the
hydrogen-economy alternative will be im-
proved substantially.

The relationship between the BR pig-
ment and the highly saline solutions in
which the bacteria that produce it grow
suggests an intriguing new possibility for
large-scale, solar-to-electric-energy con-
version using BR solar cells directly
coupled to fuel cells. The essential re-
quirement is a large body of salt water near
a desert: Utah's Great Salt Lake, for
example.

Assuming an eventual 48 percent net
overall efficiency (60 percent and 80 per-
cent for the BR and fuel cells, respec-
tively) and an insolation conservatively
taken as 300 watts per square meter, a
calculation shows that 800 square miles of
desert along Salt Lake could provide
about 100 GW of continuous electric
power, or approximately 20 percent of our
present total national installed generating
capacity. (The power would be continuous
because stored hydrogen couid be re-

leased to the fuel cells during the dark
hours.) The fuel cells would also produce
about 140 million gallons of fresh water
daily, and release some 85 billion BTU per
hour. Net annual water loss would be
about one percent, assuming no direct re-
turn to the lake. The large, nearby
electric-energy market could be served
conveniently by high-voltage a-c and d-c
transmission lines.

What we have here is potential for a
new, clean, $50 billion-a-year industry!
Simpson Linke
School of Electrical Engineering
Cornell University
Ithaca, New York

Kudos for the Quarterly

...]I want to congratulate Cornell on the
excellence and value of the publication
Engineering: Cornell Quarterly. 1 receive
this publication on a regular basis and it
has assisted me in making effective con-
tacts with Cornell faculty on research pro-
grams of interest to my company. It was
the way 1 first heard about the Cornell
Manufacturing Engineering and Produc-
tivity Program (COMEPP), a program we
will be exploring.

R. D. Wismer

Director, Technical Center

Deere & Company

Moline, Illinois
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