POINT OF VIEW

“The Sciences do not try to explain, they hardly even try to interpret, they mainly make models. By a model is meant a mathematical
construct which, with the addition of some verbal interpretations, describes observed phenomena. The justification of such construct is

solely and precisely that it is expected to work.”—John von Neumann'

“Up until now, science has expended its efforts on decoding most of the fundamental natural processes—the dance—of elementary parti-
cles deep inside stars and the rhythms of DNA molecules coiling and uncoiling within our bodies. Science’s task now is to cross-pollinate
advances thrown up by the study of matter, biology, and the mind-modern science’s three main theaters of endeavor. We are now making
the transition from amateur chess players to grand masters, from observers to choreographers of nature.”—Professor Michio Kaku’

A Vision Toward Self-renewing
Intelligent Thin Film Media and
Modular Storage Systems

By Ed H. Zwaneveld

Scientists in a variety of fields assemble molecules to form new physical struc-
tures. Selected molecules can be equipped with memory, responsiveness, and
sensory characteristics and designed to engage in constructive pursuits.
Investigation and analysis of the potential composition and arrangement of
these molecules should reveal their appropriate uses consistent with our
understanding of their potential significance. This investigation focuses on
storage technologies as they make human knowledge and experience not only
accessible, but also repeatable. In the not too distant future, we may employ
designer molecules equipped to sense, diagnose, trigger, scavenge, purge, pro-
tect, and heal the memory in which they are embedded. We shall briefly con-
sider the enabling technologies and their potential to respond to our growing
storage needs while keeping in mind the criteria that inspired current storage
system designs, and if they are to be made intelligent, how that might be done.

tors® made of plastic will shortly be
implanted into a single flexible plas-
tic display. In the future, intelligent
molecules may be implanted in thin
film media. They would engage in
media self-healing to counter degra-
dation processes immediately and
stop when sensor and diagnostic
molecules determine that a threaten-
ing condition has been corrected.
They should be smart enough to
remain dormant until decay sets in
again.

Suitable micro-environment archi-
tectures already exist. Optical disc
media use thin film layers encapsu-

lated between polymer coatings or substrates and novel
magnetic tape recording media. Their recording particles are
embedded in polymer thin film and have a layered structure.
The design of intelligent thin film storage media systems
will require built-in resources to enable reinvigoration or
replenishment of depleted molecular building blocks to the
originally designed state of the medium. This would enable
the preservation of content stored on such media to live on
for centuries if desired, or enable re-use of such self-healing
media for new recordings as encoding technology advances.

In this age of molecular nanotechnology we should be
able to embed molecules in storage media that are capable
of preserving recording layer components. This approach
can counter degradation as it occurs and renew the record-
ing layer on an ongoing basis. The benefits of this 21st cen-
tury “tidal approach” where, like the movements of ebb and
flood, molecular movements renew our creations, are
countless.

Recording and storage products are based on non-renew-
able resources, so we shall challenge some of our
assumptions about “fresh until consumed” thinking to “fresh
for life” thinking in the design of future media. There is
growing frustration with the industrial age mindset, which
dictates the linear production flow of extract, produce, sell,
use, discard—what Ecology of Commerce author Paul
Hawken calls “take-make-waste.” Scientists can arrange
molecules by design to transform them into lasting storage
objects and make today’s temporary media a bad memory.3
Theoretically, digital storage systems could use DNA that
treats the double-stranded molecule as a kind of biological
computer tape, where instead of encoding Os and 1s in bina-
ry, the four nucleic acids, represented by A, T, C, and G,
would be used.* Molecule-sized carbon nanotube’ transis-

A contribution (no. 2001-14) received at SMPTE Headquarters November 28, 2001.
Ed Zwaneveld is with the National Film Board of Canada, St., Laurent, Que., Canada.
Copyright © 2002 by SMPTE.

SMPTE Journal, May 2002 « www.smpte.org 219



A VISION TOWARD SELF-RENEWING INTELLIGENT THIN FILM MEDIA AND MODULAR STORAGE SYSTEMS

Sustainable Storage Systems

This paper will explore recent discoveries and thinking that
may facilitate constructive change. There is a world-wide
shortage of energy, yet the coarse engineering approach of
the last century has perpetuated the state of mind of the indus-
trial age. It assumed that we need to harvest natural and social
capital in order to create financial and productive capital.”
The resulting technology surge induced “speed greed” and
“capacity audacity” and created an imaginary demand at the
price of unbelievable waste of energy, resources, and irre-
placeable materials. We need to let go of the myth that
because the role of humans is supreme, the natural world
exists as mere “resources” to serve human “progress” and that
accomplishment is measured in “having the goods.”
Meanwhile, the assault on natural capital continues at an
accelerated pace. If we are using up our principal rather than
the interest, we become a burden to the generations who fol-
low us.

Following Buckminster Fuller’s dictum, companies should
“learn how to live on our energy (and resource) income
(solar, wind, hydrogen) rather than off our principal (oil and
gas).” We should not waste irreplaceable resources for tem-
porary purposes. Are we prepared to confront the anticipated
shortages of nonrenewable resources before having to cope
with actual shortages? Our industrial progress and addiction
for raw materials has a price that is paid by giving up cultural
and biological diversity. Having no alternative other than
spending resources on replacing products designed to become
obsolescent is no option. Nonrenewable materials should be
used only in permanent products, or products that can be
recycled.

Leading scientists and concerned people agree that we
must reduce the impact of human activities on our climate
and abodes. This knowledge, fueled by an emerging enlight-
ened way of thinking, leads us to take a closer look at oppor-
tunities to reduce waste and develop solutions compatible
with economic and ecological realities. The Emerging
Mindset considers that living systems are inherently order-
finding; they self-organize from within, naturally making
order out of chaos. Stability is not desirable: growth happens
in a living system through disruptions and perturbations of its
current reality. The disorder of chaos is the source of renewal;
the next order of evolution emerges from the chaos. Incoming
information (open systems) is the creative force that trans-
forms them.

Meanwhile, innovation should remain attractive for entre-
preneurs and the communities financing their initiatives. Our
model for this new way of looking at sustainable and ongoing
progress and accomplishment is the example found in living
systems. Life Sciences writer Janine Benyus calls it “bio-
mimicry—innovation inspired by our understanding of how
living systems work. What is consistent with life is sustain-
able.”8 Peter M. Senge and Goran Carstedt® have also pointed
out: “All living systems follow cycles: produce, recycle,
regenerate. By contrast, industrial-age systems follow a linear
flow of extract, produce, sell, use, discard—what Ecology of
Commerce author Paul Hawken calls “take-make-waste.”

And just how wasteful is our current approach?
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The Taxco Silver Mines recently reported that their
output is 96.4% rock and waste; 2.0% zinc; 0.7 % lead,

and 0.05% silver. The electronic industry is the biggest
user of silver.

“Indeed, the primary output of today’s production processes is
waste. Across all industries, less than 10% of everything extracted
from the earth (by weight) becomes usable products. The remaining
90% to 95% becomes waste from production.!0 Moreover, what is
sold creates still more waste—from discard and from use... So,
while businesses obsess over labor and financial capital efficiency,
we have created possibly the most inefficient system of production
in human history. What would industrial systems that conform to
natural principles look like? First, they would be circular rather than
linear, with significant reductions in all waste flows. This implies
three specific waste reduction strategies: resource productivity; clean
products; and remanufacturing, recycling, and composting.”!!

Architect William McDonough and chemist Michael
Braungart, under the dictum “Waste equals food,” define
some primary motivators:

* Resource productivity reduces waste from production
through ecoefficient production technologies and the design
of production processes in which wastes from one process
become nutrients for another.

e Clean products (say, hybrid cars) reduce waste from
goods in use through nonpolluting product technologies.

e Remanufacturing, recycling (creating “technical nutri-
ents”), and designing more biodegradable products that (cre-
ating “natural nutrients”) reduce waste from discard.

e Investment in nature’s regenerative processes. Companies
would do fewer things that compromise regeneration.

* Following Buckminster Fuller’s dictum, companies
would “learn how to live on our energy income (solar, wind,
hydrogen) rather than off our principal (oil and gas).” Living
on our income would not only reduce resource extraction, but
also eliminate the side effects of using minerals, like auto
emissions.

e Growth is sustained only by reducing total material
throughput and total accumulated waste. A systematic
approach would reduce all sources of waste: from production,
use, and discard.”

Our industry with its unceasing cycles of new product
introductions has a chain effect causing earlier implementa-
tions (and their derivative recording products) to become
obsolescent. There are many opportunities, here, to increase
ecoeffiency. The end of life (EOL) of storage media occurs
when an output signal can no longer deliver high enough
quality to meet user requirements. The quality of the signal
depends on the ability of the storage medium (and the tools
required to retrieve and decode it) to remain healthy and not
weaken in terms of physical, chemical, magnetic, and/or opti-
cal properties and its data recovery capability.

A recent multiyear study, “Future Television Archives,”
conducted under the auspices of the European Broadcasting
Union, brought archivists and engineers from 50+ member
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countries together. We searched diligently for solutions to
manage the sea of tape recordings that overwhelms the abili-
ty of archivists to manage them and to defend the production
investments they represent. We have concluded that there are
actually no options to preserve audiovisual content other
than to continuously migrate it as losslessly as possible. We
must assure that subsequent transfers of archived content to
new media be carried out transparently, in an automated
environment, to newer recording flavors. As a consequence,
earlier media will end up being discarded over and over
again.!2 Whether signal degradation can be avoided in time,
in spite of digital technologies, remains in doubt.

“Discussion on archival matters focused almost exclusively on
media decay and recording format obsolescence. Larger investments
in this area were confined to the “last minute” transfer of legacy
content onto new recording formats before the poor physical state of
the carrier and the lack of legacy replay equipment threatened to
make the recovery of the original content impossible. The methods
currently used for long-term media preservation, storage, and
retrieval are rarely in line with existing industry recommendations,
due to the lack of manpower and the time and control required for
the correct exercise of the prescriptions. The methods used in con-
ventional television program production and archiving for the past
decades will definitely prove to be inadequate if broadcasters want
to meet the challenges of the future.”

It is also useful to note that to avoid future legacy prob-
lems, archivists should make collections “automation-
ready” in order to save on labor costs. All transfers should
be done using a robot, (i.e., automatically, without human
intervention, without human quality control, without or with
minimal content integrity losses) and plan for continuing
transfer from older storage media. All this effort is justified
by the assumption that degradation of recording media and
obsolescence of recording systems is unavoidable and that
the curators of all our legacy recordings have the funds to
keep “refreshing” their collections to cope with newer
recording technologies. This may not be any more likely
than expecting to recreate a single copy reprint of each
ancient book and document, just to replace degraded copies.
The sole justification for the forced expatriation of our pro-
duction asset populations just for the sake of resettlement in
new and inhospitable territory is increased capacity, greater
speed, and constant change.

One assumption is missing: We should not become
hostage to the mindset of the industrial age by assuming that
the recording medium can be discarded every few years or
so, without consequences and without an effect on our
resources. There is no agreement that archives are even in a
position to afford the necessary resources to happily keep
replacing recordings simply because some company decided
to pull the plug after sales stagnated! We should at least seri-
ously consider whether a solution can be found that is more
in line with the natural life cycle and ask ourselves whether
the storage medium itself could already include the “medica-
tion” required to regenerate itself indefinitely.

Along with this approach we should take a closer look at
the “design for obsolescence” industrial age mindset that
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The recent introduction by Sony of the MPEG IMX
VTR permits other Betacam recordings, including
Betacam, Betacam SP, Betacam SX, and Digital
Betacam tapes, to be played back. This backward com-
patibility and versatility between recording system
generations is also a characteristic of Panasonic multi-
ple DVCPRO-based recording systems that are exten-
sible from NTSC to high definition within the same
video format, where each latest VIR also plays back
previous recordings.

pushes customers into buying new recording systems. We
have assumed that having, or owning, stuff is the key to pros-
perity. Maybe it is not such a good idea to own dumb indus-
trial-era systems that die before they reach a ripe old age. If
the same manufacturers would adopt a resource-friendly busi-
ness model that favors selling storage services rather than the
hardware and tape, their priorities and strategies would
change radically. They would design products for longevity,
efficient servicing, and improved functioning; make modular
and upgradable products and practice product take-back; and
plan to maintain customer relationships by always assuring
that products are providing the services required at the lowest
cost to the service provider. This model would discourage
vendors from implementing marketing strategy dictates for
new technology cycles without hearing the voice of the cus-
tomer about the consequences. This is a shift, as Senge!3 and
Carstedt call it, from “value is in the stuff” to “value is in the
service the stuff provides.”

There are already indications that this more enlightened
approach will drive broadcast recording product and systems’
designs. Multiple recording systems that are DV and MPEG-
compatible are now backward-compatible with earlier sys-
tems, thus avoiding instant redundancy of legacy recordings.
Another indicator is the IBC2001 announcement by Sony that
it will change from being a manufacturer into being a service
provider focusing on developing system solutions.!4 The shift
in emphasis from “selling stuff” to the “service the stuff pro-
vides” will open up enormous new markets—truly a radical
shift in the concept of ownership. In the future, the manufac-
turer of recording technology and media can own what they
manufacture forever.

Media manufacturers will have strong incentives to design
recording media that heal themselves. Equipment manufac-
turers will provide modularly designed and backward com-
patible hardware that can be easily disassembled and upgrad-
ed, remanufactured, or recycled, whichever is more economi-
cal and in harmony with the natural life cycle and has the
least impact on existing collections of recordings. It is with
this concept in mind that we could examine the proposed
quest for self-renewing intelligent storage media systems.
Nanoscale thin film technology, our brightest star enabler,
might just make it possible to realize this ideal, not yet today,
but this is a vision for the future.
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The Era of Nanoscale Technology

A nanometer is a unit of measurement one-billionth of a
meter long (102 m), roughly ten times the size of an individ-
ual atom. 10 nm is 1000 times smaller than the diameter of a
human hair. There are as many nanometers in an inch as
there are inches in 400 miles. The building block of nanome-
chanics is the molecule found in every physical object.
Material properties and behavior can now be systematically
and significantly engineered by tailoring the structure of
materials in the range of about 10 to 10-7 m. The impor-
tance of this length scale is explained by the Los Alamos
National Laboratory:!5

“The wavelike properties of electrons inside matter are influenced
by variations on the nanometer scale. By patterning matter on this
scale, it is possible to vary fundamental properties of materials (for
instance, melting temperature, magnetization, charge capacity) with-
out changing the chemical composition of the material.

The systematic organization of matter on the nanometer length
scale is the key feature of biological systems. Nanotechnology there-
fore promises to allow us to place artificial components and assem-
blies inside cells and make new materials using the self-assembly
methods of nature. This demonstrates a powerful new combination
of materials’ science and biotechnology.

The finite size of material entities, as compared to the molecular
scale, determine an increase of the relative importance of surface
tension and local electromagnetic effects, making nanostructured
materials harder and less brittle.

Nanoscale components have very high surface areas, making
them ideal for use in composite materials, reacting systems, drug
delivery, and energy storage.

Finally, the interaction wavelength scales of various external
wave phenomena become comparable to the material entity size,
making materials suitable for various opto-electronic applications.”

In 1959, theoretical physicist Richard Feynman described
opportunities for innovation on a nanoscale. In a lecture
delivered at the California Institute of Technology, “There’s
Plenty of Room at the Bottom,” he noted:

“A biological system can be exceedingly small. Many of the cells
are very tiny, but they are active; they manufacture substances; they
walk around; they wiggle; and do all kinds of marvelous things—all
on a very small scale. They also store information. Consider the pos-
sibility that we, too, can make a thing very small, which does what
we want—that we can make an object that maneuvers at that level. |
can hardly doubt that when we have some control of the arrange-
ment of things on a small scale, we will get an enormous greater
range of possible properties that substances can have, and of differ-
ent things we can do.”

He also suggested that one day it would be possible to
build machines so tiny that they would measure just a few
thousand atoms. The construction projects of such machines,
on the tiniest scale, would use molecules from any physical
object and even individual atoms as their building blocks. In
chemistry and biologys, it is possible to construct literally any-
thing at all from scratch, or alter and rearrange molecules, as
has already been demonstrated by using a scanning tuneling
microscope to move individual atoms into arrangements that
they would never assume in nature. Nanotechnology is large-
ly made possible by the refinement of the atomic force micro-
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Feynman suggested that by reversing the lenses of an
electron microscope, one can demagnify as well. A
source of ions sent through the lenses in reverse, could
be focused to a very small spot. We could write with
that spot like we write in a TV cathode ray oscilloscope
by going across in lines. This would provide the means
to etch directly onto a metal surface. All the 24 million
books published in the world’s history could be writ-
ten on 35 metal thin film pages, using 100 atoms for
each bit of information. That sure beats microfilm. We
see the beginnings of this permanent storage technolo-
gy in the work of Norsam.

(See: http:www.norsam.com/hdrosetta.htm).

scope, near-field microscope, and the scanning tunneling
microscope. These enabling technologies are said to have
given scientists the “fingers” necessary to manipulate atoms
and the “eyes” to observe the results.!6

Recent observations made by using a low-energy electron
microscope showed how nanometer atomic or molecular-
scale systems of lead deposited onto a copper substrate self-
assembled and transformed as a function of temperature and
the amount of added material.!” New work has also revealed
how absolutely perfect films can be created by simply
increasing the pH of the monolayer. The higher pH has the
effect of increasing the concentration of the molecules so they
have less freedom of movement during the transfer to the
substrate.18

But such observations have already included the study of
ultrahigh-density molecular storage of audiovisual content.
The Open Lab of Beijing Vacuum Physics, Condensed
Physics Center, reported recently the recording and erasure of
ultrahigh-density data marks on 3-NitroBenzal MalonoNitrile
(NBMN) and 1,4-PhenyleneDiamine (pDA) organic compos-
ite films and on 3-Phenyl-1-UreidoNitrile (PUN) organic
films!9:

“The rapid development of information science motivates us to
pursue higher storage density and more compact ultrahigh-density
data storage. When the size of the storage marks reach nanoscale
dimensions, traditional materials and technologies will face drastic
challenges. Thus the study of nanoscale thin films and relatively
new storage technologies on which prospective ultrahigh-density
data storage will be based, is the focus for research in information
science. Organic materials are widely used, because of their low
cost, convenient synthesis, controlled properties and suitable film
formation.”

The study of metals has resulted in basic knowledge about
some natural laws, which has been applied to create new
materials (the dance referred to by Kaku). Traditionally, met-
allurgy, which includes chemical metallurgy and physical
metallurgy, was the science guarding the resource warehous-
es of nature waiting to be mined. Chemical metallurgy
involves the separation of individual metals from ore and
the mixture of metals to form alloys. Physical metallurgy
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occupies itself with the study of how the atomic structure of
a metal affects its mechanical properties. The descriptors
used for various physical properties of metals include
strength, malleability, toughness, elasticity, and ductility.
There are other properties such as the ability to give off
electrons or electrically charged particles when heated,
which are important in electronics. The characteristics of
metals as with all other physical substances, depend on the
nature of the atoms that make up the metal or material. The
basic approach for the arrangement of the atoms was to con-
trol them by heat treatment or alloying them with other met-
als. We are now reaching way beyond that.

Now we witness the birth and blossoming of a new
nanoscience and technology that produces profound changes
in the manner in which we store and display images and
read sound, and many potentials of this new science are
waiting to be explored. Thin films are already used for
dichroic mirrors in film printers, micromirrors in video pro-
jectors, anti-reflection coatings for lenses, transparent con-
ducting coatings for flat-panel displays, and low-friction
coatings for bearings. Thin films are also found in Hall ele-
ments, magnetic sensors that convert magnetic signals into
electrical signals, and are an indispensable component in the
control of the precision motors that drive CD-ROM and
floppy disk drives. Thin film polymers used as oxygen and
moisture barriers in the packaging of foodstuffs to prolong
shelf life more or less protect the label side of optical com-
pact discs and the metal particles in magnetic tape media.

Thin film coatings also have unique properties that may
be used in the polarization, reflection, transmission, and
absorption of light. They are used as the recording, reflec-
tive, and buffer layers in compact (CD), digital versatile
(DVD), and magneto-optical (MO) disks; and in microelec-
tronics, magnetic hard disk, optical and magnetic tape and
disc recording. Thin film technology therefore is of signifi-
cant importance in current as well as future magnetic and
optical recording systems.

In the study of polymers we encounter macromolecules,20
giant molecules in which at least a thousand atoms are
linked together by covalent bonds. Many natural substances,
especially biological construction materials, are macromole-
cules. Of these, proteins and cellulose are the most impor-
tant. Other than these complex natural macromolecules,
many synthetic macromolecules or polymers, have a rather
simple structure as they consist of identical constitutional
repeating units (structural units). There are only two really
fundamental characteristics of polymers: chemical structure
(CS) and molecular mass distribution (MMD). These funda-
mental characteristics determine all the properties of the
polymer, directing the cohesive forces, packing density (and
potential crystallinity), and molecular mobility (with phase
transitions). In a more indirect way they determine the way
the morphology and the relaxation phenomena, i.e., the total
behavior of the polymer are controlled.
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Applications of Nanoscale Thin Film?!

We shall now examine the degree of cross-pollinating
advances raised by the study and interactions of matter, biolo-
gy, and the mind—modern science’s three main theaters of
endeavor. We should be “making the transition from amateur
chess players to grand masters, from observers to choreogra-
phers of nature,” as Kaku observed.

Thin films consist of nanoscale layers in a wide array of
materials such as metals, insulators, and semi-conductors
applied to a variety of surfaces by sputtering or spin coating.
They are also used to modify the surface properties of solid
materials. They can transform the electrical, mechanical,
and/or optical properties of solid base materials in a cost-
effective way. Individual films may be electrically conductive
or nonconducting, hard or soft, thermally conducting or insu-
lating, optically transparent or opaque.

The nanoelectronic circuits industry is investing consider-
able research effort in atomic-level electronic devices. It has
already produced transistors that were built in carbon-based
nanotubes, the so-called top-gate carbon nanotube field-effect
transistor. On August 28, 2001, IBM scientists announced??
that they had successfully created the first logic circuit within
a single carbon molecule. Building a logical circuit within a
single carbon nanotube molecule forms the basis of the suc-
cessor technology needed in 10 to 15 years time to replace
silicon in electronic circuits. If implemented as planned,
researchers will have enabled the building of switches mea-
suring only 5 nm across, about 100 times smaller than today’s
silicon switches. One of the benefits will be that higher densi-
ty electronic devices could then be built that consume less
electricity and dissipate less heat.

Another example of advanced research on the storage of
bits of information on individual atoms is reported by the
Georgia Institute of Technology.23 Chemist Robert M.
Dickson and his colleagues have demonstrated the storage of
bits in nanoclusters?* of two to six silver atoms.25 The nan-
oclusters exhibit “caged” fluorescence, in which the clusters
fluoresce only after they have been photoactivated or
“uncaged” with blue light. This information can be read out
nondestructively by exposing the particles to green light,
which causes them to emit red light. These silver nanoclusters
are produced by a modification of a photographic emulsion
where silver halide grains absorb light energy, which converts
them into silver. The Georgia Tech experiments used a thin
film of silver less than 20 nm thick that was deposited on a
glass plate in total darkness. Such thin films break up into
islands, which rapidly oxidize to silver oxide when exposed
to air, producing particles of 10 to 30 nm across. When these
particles are exposed to continuous blue light (450 to 480 nm
wavelength), they start to fluoresce intermittently, blinking
and shifting their emitted light in a seemingly random fashion
from red to green to yellow. Dickson says:

“This is a clear indication that we are observing nanoclusters. As
the silver oxide molecules absorb energy, they break up and form
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silver nanoclusters of a few atoms, which fluoresce collectively in
the same way a molecule would.”

To demonstrate that information could be stored and read
nondestructively, the researchers exposed the particles in the
pattern “L”. They then were able to read the image out by
exposing it to green light for up to two days afterward, which
is as long as they tried to read it.

Other scientists at the Joint Center for Atomic Research in
Tsukuba, Japan,26 are developing the capabilities of silicon
cage clusters instead of caged fluorescence. They have creat-
ed a spherical compound of silicon around a caged metal
atom. Called a silicon cage cluster, it could have application
as a basis for quantum computing, in new catalysts, and pos-
sibly even as a super conductor. With different metals in the
cage, such as cobalt, nickel, or niobium, the chemical proper-
ties of the cluster can be tuned for many applications.
Potentially, nanoclusters could form the basis for ultradense
energy-storage systems. But much work remains to show that
the particles can be arranged into very compact arrays and
that reading and writing information can be done at the
extremely high speeds required by computer technology.

Our industry is an early beneficiary of nanoscience and
technology, which not only generates enormous amounts of
information, but also faces the challenge of packaging it effi-
ciently and affordably and preserving it for as long as
required without wasting valuable and costly resources. We
can already witness several early applications in highly effi-
cient storage and display systems.

Holographic recording?’ can support storage densities that
surpass super-paramagnetic and diffraction limits and pro-
vides data-transfer rates of billions of bits per second. This is
possible because it enables massively parallel recording and
reading of data instead of the serial approach of traditional
methods. It also exploits the entire thickness of the recording
medium, rather than just its surface. At Lucent Technologies’
Bell Labs,28 new photopolymers (claimed to have more sensi-
tivity and better dynamic range than lithium niobate) have
recently been designed that yield high response, high sensitiv-
ity, dimensionally stable, and environmentally robust storage
media in millimeter thick optically flat formats, i.e., polymer
thin films.29 This holographic recording technology is cur-
rently being developed further.30

An indication that scientists are taking a much closer look
at the physics of the recording process, something of which
we need a great deal more, is illustrated by an account from
H. Neil Bertram at the University of California San Diego’s
Center for Magnetic Recording Research (CMRR).3!
Research by this group resulted in a 30-fold increase in data
density on disks. Now they are determined to have a greater
impact on data rates from the work they are doing on magne-
to-resistive (MR) heads and in particular on the rise times.
Bertram is concerned that the speed of computers is limited
by the rates at which they can interact with the disk drive,
reading data from and writing data to disks.

“Five years ago, the major advance in magnetic recording was the
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beginning of widespread use of thin film media, which enabled
enormous increases in data density. The next decade will see the
major advance in data rates coming from new disk drive heads,
which will work not by induction, as they do today, but via the mag-
neto-resistive (MR) effect. Instead of reading magnetic flux directly
(by induction), MR heads detect a change in electrical resistance
modulated by changes in magnetic flux. What we’re doing when we
write or read a single bit is simply changing the direction of spin of
the atoms in the medium. Bit recording and detection in bulk materi-
als (including best thin film media) occur at a slower rate than the
speed of the spin of a single atom can change. This is due to two
phenomena. One is the presence of magnetic domain walls in thin
film media, which move at rates only on the order of 30 MHz.
Second is the fact that the thin materials are very conductive, so
eddy-current damping of domain wall motion reduces the dynamic
rate even further. We want to know exactly how these phenomena,
coupled with the geometry of the devices, reduce the rise time of a
recording signal in the inductive recording-head and also reduce the
response time of the playback MR head.”

Recording Media Applications for Thin Film
Magnetic Thin Film

In August 2000, a comprehensive evaluation was complet-
ed of the state of the art in recording media and systems.
Various current recording systems are described in consider-
able depth in the report by Koichi Sadashige,32? Past-
Chairman of SMPTE’s V16 Television Recording and
Reproduction Technology Committee. (Free copies may be
requested from the National Media Laboratory (NML).

Magnetic media recording system component failure
becomes evident upon aging of tape media and will occur at
different rates. Eventually the decay of the weakest compo-
nent determines the limits of media life, when it causes the
medium to fail in the delivery of the required performance.
The components affected include the base film, binders (not
used in ME tape), magnetic particle or metal-evaporated layer
and coating, lubricants, protective layer over the metal-evapo-
rated layer, and back coating. Initial design, temperature,
humidity, and tension are the main causes of premature decay.

Optical Thin Film on Disk Media

All optical disc media consist of thin film layers encapsu-
lated between polymer substrates and in some applications
coated by a thin film polymer protective layer. Optical Write-
Once-Read-Many (WORM) recording in the form of a 12-in.
disk was first demonstrated by Philips at Briar Cliff Lab in
1979,33 and entered the marketplace in 1985 with 2-GByte
capacity. WORM recording in both its ablative and phase-
change forms, uses the principle of writing data by changing
the characteristics of an organic dye. To record, laser heat is
used to alter the optical characteristics of the dye. To play the
signals back, a lower power laser beam is used to pick up the
changes of light-intensity reflectance of a recording layer of
thin film alloy, or a stack of several thin film alloys deposited
on top of each other. The data can be made unreadable by
writing additional marks in the spaces between the original
marks. Most phase-change media are estimated to provide
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stability, durability, and longevity, resisting corrosion for
hundreds of years. Ablative media are estimated to remain
stable for less than 30 years with an irreversible increase in
hole size after aging. Examples are the CD-R, and DVD-R.

Another thin film system for recording marks and spaces
and their subsequent playback uses amorphous crystalline
phase change recording technology. To record, the medium is
heated and cooled, which produces amorphous and crystalline
phases; for playback, the intensity change of the reflected
light is detected. One example of this technology is the DVD-
RAM. And yet another recording system is based on magneti-
zation reversal. To record, the medium is brought to the Curie
point that reverses polarity by magnetic field; To read the sig-
nals back, Kerr Angle rotation detection is used. MO products
are examples of this approach, which is popular for audio
archiving. Finally, there are playback-only optical compact
discs that are mass replicated by injection molding tech-
niques. The mark and space have a 1/4 wavelength elevation
difference. To play the signals back, reflected light intensity
changes are detected. Examples are CD-Audio, CD-ROM,
DVD-Video and DVD-ROM.

For the next generation of recordable super-resolution blue
laser DVD media, a variety of thin film approaches are being
considered. They include a metal polymer deformation
(MPD) DVD-R, which has a thin nickel film between the
polycarbonate (PC) substrate and the dye layer. It extends the
light stability of the dye layer and widens the window of dye
selection criteria for DVD-R technology. It also improves the
recording sensitivity, and the modulated amplitude.3* Another
approach uses cobalt oxide (CO), silicon (Si), calcium (Ca),
sodium (Na), and oxygen (O) as components sputtered onto
the substrate and shows a refractive index change upon irradi-
ation by a laser beam. It is durable against high-power laser
irradiation (durability against continuous read-outs of up to
70,000 times was confirmed) and can be used in rewritable
optical discs as well as in read-only (ROM) disks. These
phase change disks are more durable against continuous
many-time readout. C/N improvement with a 3 to 4-mW
readout power, depending on the disk velocity, is estimated to
achieve 1.4 times linear data density.3>

Other than increasing disk capacity, research also focuses
on dye enhancement, particularly cyanine dye, by improving
its light fastness by doping with singlet oxygen quenchers
such as dithiolato-metal complexes or diimmodium salts.3¢
Another refinement to enable two or more 25-GByte capaci-
ty recording layers on a next generation DVD disc is the
recent synergy of know-how at Hitachi/Asahi Optical.37 The
latter has developed an optical-head technology using a sin-
gle objective lens, which requires a precision level of nearly
ten times that of DVD product lenses today. Asahi Optical
has developed precision glass-molding technology to manu-
facture a single objective lens with a numerical aperture of
0.85, the spot where most prototypes of next-generation opti-
cal disc systems are converging. The result is the ability to
store more than eight hours of high-definition video content.
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Nanochips require very low power when not in use
(power down to 1 millisecond). Nanochip media is
anticipated to provide replacements for hard disk dri-
ves with a capacity of 200 Gbytes, using packaged
nanochips, and 1.4- Terabyte drivers, using flip chip
packaged nanochips in a standard 3.5 in. form factor.
The technology is projected to offer 10 times faster
access speed (i.e., 500 microsec average latency).
Nanochips are fabricated using primarily standard
semiconductor fabrication techniques and are pack-
aged as die-on-silicon wafers. The development strate-
gy of the nanochip seeks to enhance the storage capaci-
ty of portable devices and to be the next generation
replacement for the magnetic hard disk. It also seeks
to replace flash chips and micro-drives in the memory
component markets for web phones, digital cameras,
MP-3 players, PDA devices, microcomputers, and
related wireless and remote storage devices.

Optical Thin Film on Tape Media

Digital optical tape systems are another class of next-gen-
eration phase-change write-once-read-many (WORM) stor-
age media. They offer the potential for high areal density,
high transfer rates, and a long archival life because of a high
resistance to corrosion.3® This emerging technology has
already faced many challenges, including the competition
with magnetic tape recording the performance of which is a
moving target, and the need to develop open standards.

At Philips Research Laboratories, The Netherlands, a com-
pact optical tape recorder has been described with 80-GByte
capacity in a 8-mm cassette at approximately 30 Mbits/sec
transfer rate, and 15-sec access time.3° For the first generation
of the drive, a transfer rate of 15 Mbits/sec is envisioned.40
Nanochip Nano Media technology,*! is defined as micro-elec-
tro-mechanical systems (MEMS) silicon memory-based mass
storage devices of high density, great speed, and low cost,
based on molecular scale technology.42 It is a molecular
memory medium integrated circuit (IC).

IBM has also developed and, in fact, has started to use in
some laptop computers, a breakthrough recording technolo-
gy, known as antiferro-magnetically coupled (AFC) media.
It delays the impact of the critical super-paramagnetism bar-
rier that limits further areal density increases. Conventional
magnetic disk media stores data in only one magnetic layer,
typically of a complex magnetic alloy such as cobalt-plat-
inum-chromium-boron (CoPtCrB). AFC media has a multi-
layer structure in which two magnetic layers are separated
by an extraordinarily thin—just three atoms thick—layer of
the nonmagnetic material ruthenium. It causes the magneti-
zation in each magnetic layer to be coupled in opposite
directions—anti-parallel—which describes antiferro-mag-
netic coupling.43
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Yet another early application of nanoscale thin film tech-
nology is encountered in the recently announced break-
through by Fuji, Nano Cubic tape recording technology.#4 It
is intended for both helical and linear recording formats;
high-capacity floppy disks; high-definition, long duration
digital videotape for broadcast and home use; and data and
video storage tape for home network servers. It makes 1
TByte uncompressed video recording viable and increases
the capacity of a floppy diskette to 3 GBytes.

Nano Cubic thin film tape represents an advanced preci-
sion coating process that can control the thickness of the
magnetic layer on a nanometer scale. Two types of magnet-
ic particles were developed for the technology, both tens of
nanometers in size: acicular ferromagnetic alloy particle
and tabular ferromagnetic hexagonal barium ferrite particle.
For dispersion, it uses a special organic binder material that
has the ability to thoroughly disperse the particles in the
coating solution so that a uniform packed structure of the
layer is realized. This development is an advancement on
the earlier Fuji ATOMM (advanced super-thin layer and
high Output metal Material) technology, which is used for
DVCPRO and D-9 (Digital-S) professional videotape cas-
settes.

How to Implement Self-Renewing Storage Media?

Our understanding of the ability of molecules to rearrange
and propel themselves, in different configurations than
appear in nature (or in the conventional design of storage
media), is increasing. This knowledge is fundamental in real-
izing our vision to meet the requirements for intermediate
and long-term generations of storage media. We should also
be assured that molecules can have both intelligence and the
ability to displace themselves. For a model of the architec-
ture of self-renewing media, the following examples will suf-
fice. Note the description by scientists#> of the observed
behavior of DNA molecules:

“The DNA inside some viruses is packed so tightly that the inter-
nal pressure reaches ten times that in a champagne bottle, according
to new measurements by biophysicists at the University of
California, Berkeley, and the University of Minnesota... The
researchers suspect that this high pressure helps the virus spurt its
DNA into a cell once it has latched onto the surface. Such tight
packing is achieved by one of the most powerful molecular motors
ever observed, stronger than the motors that move our muscles or
the nanoscale molecular motors that duplicate DNA or transcribe it
into RNA. ...Pound for pound, this is stronger than any known mol-
ecular motor, and can pack DNA to a pressure of about 60 atmos-
pheres.#0 A bottle of champagne typically is under pressure of five
or six atmospheres, the equivalent of nearly one hundred pounds
per square inch.”

The above example refers to the molecular motor as a
device to transport a virus, but molecular motors are also the
vehicles that transport medication into a body, that could
also replenish the building blocks required for the renewal of
future storage media. For example:

“For millions of consumers who must regularly take medication
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using pills or needles, there may be another option that offers
unique advantages. A patch, which delivers medication through the
skin and into the bloodstream, is becoming an increasingly popular
alternative. Known as transdermal (through-the-skin) drug delivery
systems, patches are available to treat or manage a number of
health conditions, including chronic pain, heart disease, high blood
pressure, menopause, motion sickness and nicotine addiction. And
more uses for patch technology are in development-including birth
control and treatment of asthma and diabetes...Patches can deliver
medication into the body at a consistent level over an extended
period of time, minimizing the need to take pills on a frequent
basis.... Transdermal delivery systems compared to pills is consis-
tent medication release for an extended period of time... The skin-
particularly the outermost layer, known as the stratum corneum-
acts as a barrier designed to prevent foreign molecules from enter-
ing the body. For a medication to reach the bloodstream, its mole-
cules must be small enough and durable enough to pass through
this outermost layer as well as the more watery layers below. The
medication also must be potent enough to retain its efficacy after
its “trip” through the skin, into the bloodstream and to its therapeu-
tic target. And finally, the medication—and the other patch compo-
nents—must be compatible with the skin’s chemistry to avoid sig-
nificant irritation or allergic reaction.”47

Closer to home, for photographic emulsions coated on
polymer supports, the nature of the emulsion is modified to
achieve projectable images through its interaction with
chemical solutions. The depletion of chemical ingredients in
motion picture film processes is avoided, using a highly
refined process design. This is accomplished by means of a
continuous dosage of higher than tank solution concentration
replenishment into each solution tank in which the film is
successively immersed during processing.

Good processing requires that the designed ecology bal-
ance for the film continues to be respected even though the
chemistry is being depleted. As film moves through a suc-
cession of solutions, carryover from the previous step
unavoidably dilutes the next stage, modifying the chemical
balance of successive solutions. Quality assurance and con-
trol requires the precise balancing of the active chemicals
suspended in each solution that affect the end-quality of the
processed film.

Unfortunately, the designers of these now highly refined
processes carefully protect the film ecology system right up
to the moment it is processed. The subsequent natural chemi-
cal interactions the film would encounter with humid and
warm polluted air, or its self-destruction from chemical
processes from within has not been a design issue and should
have been, assuming that we knew what to expect. That was
again, as described by Professor Michio Kaku, our primitive
state of “the dance.”

Hence the array of coping mechanisms, with costly prema-
ture loss or degradation of our production investment, is now
limited to making the film somewhat more comfortable in its
old age by external treatments, i.e., keeping it cold and dry,
enclosing molecular sieve#® mini-pillows inside the contain-
ers, and replacing rusted tin-coated metal containers with
inert containers.*

If the published Recommended Practices are taken seriously,
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it would seem that the degradation processes are the full
responsibility of the user of the materials. Actually, these are
coping mechanisms; the problem was in the short-sightedness
caused by an industrial mindset that assumed that there would
always be sufficient resources to replace degraded media.
Truth is, there are limits, just ask archivists who try to juggle
with the unavoidability of media degradation. As we seek
sustainable eco-engineering methods, and consider the entire
life cycle of the film and its content, we see that the technolo-
gy life cycle of film, tape, and disk media is not nearly as
mature as popularly assumed. Various recording systems are
ripe for re-engineering on a nanoscale. Intelligent molecules
can do the detailed work that scientists and engineers living
in the last century could not dream of. Smart design can keep
audiovisual treasures and the containers on which they are
stored alive, long after the media were considered to be
“new” and finished.

Setting a Storage Technology Agenda

Sustainability of our storage media systems requires rein-
vigoration or replenishment of the storage medium to its orig-
inal state. It also means constant upgrading of the basic
equipment to accommodate recording technology improve-
ments, without throwing it out at any time. It implies provid-
ing the equipment with an ever-growing array of modular
retrofit units, that accommodate the unavoidable generations
of technology refreshment. This will enable preserving the
content stored on recording media for centuries if desired, or
permit the re-use of self-healing intelligent media for new
recordings. It eliminates the painful transfer of all the output
of aging obsolescent machines just to cope with technology
refreshment, which for users requires perpetual rescue and
revival missions, in spite of the promises of lossless digital
content encoding.

In this age of nanotechnology, we should be able to embed
molecules in our storage media that are capable of sensing,
diagnosing, triggering, scavenging, purging, and healing,
using implanted resources that counter degradation as it
occurs and renews the material on an ongoing basis. We
should not make the mistake again of waiting for human
intervention. By the time we notice that there is degradation,
it is usually too late to bring the medium back to its original
condition and to recover the valuable information on it. Our
human sensor mechanisms and memories are ill-equipped to
diagnose the indicators of media and signal degradation. In
these dark ages of dumb storage media and throw-away
recording and playback devices, we allow degradation not
only to take place, but to do serious harm to the weakest links
in our storage media. Thus, sick media suffer from nitrate
film support degradation; triacetate film deacidification, i.e.,
the vinegar syndrome; color dye fading; reflective layer oxi-
dation; film splice drying; tape binder breakdown; etc. We try
to slow down or delay the onset of such degradation and fail-
ure mechanisms when death is already assured, calling it reju-
venation and restoration treatment!
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Molecules should be enclosed in new intelligent thin film
storage media that have the self-healing abilities required to
counter degradation processes immediately and stop only
when the sensor and diagnostic molecules determine that it
has been renewed. Then those molecules should remain dor-
mant until decay sets in again. To find enabling technologies
to accomplish such feats we turn to molecular nanoscience,
which is an emerging interdisciplinary field that combines the
study of molecular/biomolecular systems with the science and
technology of nanoscale structures.50

Ghadiri’s peptide rings, composed of a novel alternating
pattern of naturally occurring and synthetic amino acids, have
amino acid side chains that face outward from the “donut”
and react to the environment. These “sensor” molecules have
been shown to be reconfigurable, a flexibility characteristic
that enables the targeting of bacteria and to control how pep-
tides insert themselves into the membrane and self-assem-
ble.5! Molecular behavior in thin film structures, approxi-
mately 200 nm thick, resembles a forest of preposterous
cookie-cutter trees. These structures are the result of the
patented deposition technique used to lay down the film. It is
known as glancing angle deposition (GLAD), a technique
developed by Brett and Robbie in 1994, at the University of
Alberta.52 GLAD films have an inherently high porosity and
therefore a large surface area, making them highly suitable for
sensing materials. Andy Wu, a research associate in Brett’s
lab, has already developed humidity sensing devices that
incorporate GLAD structures. Because these structures are
able to respond very quickly and over a wide dynamic range,
they show a potential to be superior to any humidity sensors
now available commercially.

The benefits of the proposed 21st-century “tidal approach”
where, like the movements of ebb and flood, the molecular
tides renew our creations are countless. We may expect intel-
ligent magnetic and optical recording media developments
that through the use of self-healing mechanisms extend lubri-
cant life, preserve binders, counter hydrolysis, avoid staining
of mirror surfaces, and prevent magnetic particles from ever
shedding, becoming sticky, or losing magnetism. In motion
picture media, we should expect the inclusion in the film of
intelligent zeolite molecules to apply their molecular sieve
healing capacity, when storage conditions cause relative
humidities and pollutants to attack the triacetate stock and
color dyes.

The exchange of healing molecules does not occur by coin-
cidence but by design. It requires embedded resource mole-
cules that permit the healer molecules to do their renewal
work. Just as we embed with our encapsulated thin film layers
a dye recording layer, a reflective layer, or a heat absorbing
layer, and, above it, a protective thin film polymer hard coat
stacked on the polycarbonate substrate of the CD or DVD, we
should expect to include healing resource layers as well. The
principle of self-healing molecules is already used for the
preservation of paper documents, such as when lignin-free or
low-lignin and high-pH paper53 is made or lignin-containing

227



A VISION TOWARD SELF-RENEWING INTELLIGENT THIN FILM MEDIA AND MODULAR STORAGE SYSTEMS

wood pulp paper is preserved by the addition of high-pH
buffers.

Molecular level nanotechnology could become the major
enabler of this information age. Nanoengineering and nan-
otechnology are concerned with development of structures and
systems that use and enhance the significantly improved prop-
erties of their nanoscale components.>* This will result in more
efficient and creative use of our natural resources, designing
intelligent media systems that adapt and maintain themselves
in the new condition for as long as required. Its impact: serious
miniaturization of many in the long run unsustainable space
and energy wasting systems. Its importance to the development
of equitable wealth for the world’s people could surpass the
significance of the computer and genetic medicine.

Conclusion

This technology assessment (TA) has explored and
assessed potentials of nanoscience and technology for the
development of breakthrough-caliber new intelligent thin film
materials. It is a high-level vision map of the technological
landscape of our time, beckoning us to look ahead. Important
questions remain to be asked in developing a TA that answers
relevant questions relating to feasibility and maturity, imple-
mentability, market potential, and competitive advantage for
the investors who will enable the goals to be met. TAs also
include critical analysis of claims; facts that may not exist in
published form assumptions that may be opinions, guessti-
mates, and best judgments. An important evaluation aid is to
look at and describe the enabling technologies in functional
terms: customers value functionality. It also enables compari-
son against the relevant competing technologies and should
reveal categories of opportunities.

The TA process should also address whether a change from
our “fresh until consumed” mindset into “fresh for life” think-
ing is viable. This paper argues that the approach of the
industrial age, summarized as take-make-waste should be
replaced by biomimicry thinking for all products based on
nonrenewable materials.

Storage technology refreshment and overcoming obsoles-
cence implies the disposal of degraded storage media and
obsolescent playback hardware, and continuous periodical
migration of storage media content. It is argued that this is
not an acceptable solution. Opportunities for self-renewing
intelligent media and modular storage systems were explored,
using examples from state-of-the-art nanoscale technology
and applications in our industry already taking advantage of
it.

A proposed Storage Technology Agenda calls for the
development and implementation of recording technologies
that reach beyond the moment of recording or processing of
film. It urges that content production investments should be
protected with responsive media-embedded molecules that
counter media degradation as it occurs on an ongoing basis.

Innovative contributions from around the world make for
exciting and inspiring virtual tours of new industries in the
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making. But more interdisciplinary work teams must take a
closer look at the opportunities for more efficient storage solu-
tions. Needed is input from physicists, chemists, biologists, and
engineers to explore the opportunities and overcome the chal-
lenges. Manufacturers of media recording systems and their
informed customers can benefit from increased dialogue, as
customers with a long view are bellwethers of challenges and
opportunities. The author hopes that this paper will assist in
motivating us to undertake or continue such cooperative
efforts, to change the nature of these human-made objects in
order to meet the resource requirements that will renew our
industry in a sustainable manner.
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