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Synopsis

The world economy is becoming increasingly global and more
knowledge-based [27], [56]. Getting new ideas (not just new technology)
into the world market-place quickly and efficiently has become a significant
concern for nearly every business on the planet. While the legal, political,
language and cultural differences around the world tend to inhibit the rapid
distribution of knowledge, the internet (with its satellite network) is now
providing a vehicle for nearly instantaneous communication between all
members of all societies. With continuous improvement in shipping and
transportation technologies, even the distribution of goods and services is
beginning to take on new meaning. (Note, for instance, that global
positioning (GPS) technology, RFID tags and biometric identification
systems are all having a significant affect on air, sea and ground
transportation services [63].) As supply and demand adjusts to changing
global markets, business practices and organizational structures obviously
must change accordingly in order to stay effective and globally competitive.
With this in mind, it appears that even the meaning of such words as
inventor, innovator, entrepreneur and president should now be re-examined,
and perhaps re-defined to accommodate 21* century business and economic
conditions. Part of this thesis provides insight into some of these terms and
proposes some new models for business operations and, perhaps, business
survival, in the 21* century.

A few inventions, with their subsequent technological advancements,

move society either forward or backward in every century, depending on the



applications of such technology. (It would be hard, of course, to argue that
society moves forward, rather than backward, with the invention of weapons
and/or instruments of mass destruction.) For instance, the invention of the
automobile, the airplane, the transistor and the integrated circuit, all had
profound, and generally positive, effects on 20" century society. In this
thesis we will investigate the origin and evolution of another technology, the
non-volatile ferroelectric memory, that is quite certain to have a significant,

and positive, effect on the new ubiquitous society of the 21% century.!

Background

Much of this thesis is based on the business and technology
experiences of the author, Larry McMillan. McMillan is an entrepreneur
from the United States. At the time of this writing (2005) he has forty years
experience encompassing the disciplines of inventor, innovator, entrepreneur
and corporate executive, hence the title of this thesis.? In this thesis
McMillan’s invention of the integrated, non-volatile, ferroelectric memory

and his persistent efforts to bring it, along with a number of his other

! In the 20" century, most actively addressed (read/write) computer memories (such as
DRAM's) required a source of power to maintain data storage. Without a power supply
such memories are volatile and cannot store data for long periods for time. Non-volatile
memories do not require a power supply to store data.

2 McMillan began working as an engineer and manager in the semiconductor industry in
1965, before either Bipolar or MOS integrated circuits had entered production (at
Motorola). He has worked in nearly every segment of the integrated circuit industry,
ranging from Research and Development to Production Engineering to Corporate
Management to Consulting for a number of international corporations. Note the brief
listing of his U. S. corporate experience (in Appendix D), the listing of his publications
and presentations (in Appendix C) and the listing of his patents (in Appendix B).



inventions, to commercialization, should provide some insight into the
actual meaning of many of the terms associated with entrepreneurial

engineering.’

Purpose of research

The research of this thesis defines and elucidates some of the practical
and theoretical aspects of entrepreneurial engineering. Concurrently,
research into the origins of ferroelectricity and the ferroelectric random
access memory (FeRAM) will provide support for the idea that most
inventions actually originate from existing knowledge that has accumulated
over hundreds of years. All of this should also help disperse some common
misconceptions concerning the origin, authenticity, ownership and status of
this technology as well as its importance for 21* century ubiquitous society.
We will also try to achieve some understanding of the globalization that had
to occur for ferroelectric memories to play into an industry as complex as the
semiconductor industry. Throughout this thesis, this experience will be
registered against the academic foundation achieved at Kochi University of

Technology.

¥ McMillan received B.S and M.S. degrees in Physics, Math and Electrical Engineering
in the U.S. but most of the academic background reflected in this thesis was achieved
through graduate studies in Entrepreneurial Engineering (with Professor Gota Kano),
Business Theory (with Professor Keizo Baba) and Technology Management (with
Professor Osamu Tomisawa) at Kochi University of Technology. (Reference the thesis
bibliography.)



Significance of research

The significance of this research becomes evident with an
understanding of the historical significance and economic potential of
ferroelectric memory technology. (Of course, the real significance of this
entrepreneurial engineering exercise must ultimately be measured by the
resulting benefits to society.) The author's invention of the integrated
ferroelectric random access memory and his continuous efforts to bring this
technology to commercialization has resulted in much of the revolutionary
product and knowledge base now driving the nonvolatile technology growth
predicted by S. M. Sze in his book ULSI Devices, (published in 2000,
reference [19]). This thesis will show that the author was not only a
primary inventor of this technology but also that, over a period of three
decades, he played a crucial and leading role in its development and

commercialization (reference Figure 1.1 in Chapter one).

With reference to economic potential of the technology, we note that
millions of ferroelectric memory (FERAM) integrated circuits are now being
manufactured and sold, especially in Japan and other parts of Asia.
Microcontrollers, RFID chips and many other integrated systems are now
being embedded with ferroelectric random access memories (FERAM’s),
and the US government is now incorporating radiation-hardened

ferroelectric memory devices into their satellite and space probe systems.



Summary of contents

Following a brief introduction in Chapter 1, we define some of the
differences between the inventor, the innovator and the entrepreneur in
Chapter 2. We also discuss the evolution from inventor to entrepreneur and

explore the environment that cultivates their respective activities.

In Chapter 3, we address the evolution and history of ferroelectric
technology from its earliest roots to the invention (by the author) of the
integrated ferroelectric memory and ultimately to the introduction of viable
non-volatile memory products to the world market place. This process
occurred over many years and several generations of scientists and engineers.
This chapter also introduces Symetrix Corporation, a company co-founded
and co-owned by McMillan and shows the strategic foundation upon which

its core competency was developed.

Chapter 4 addresses some of the management styles, cultural
differences and corporate structures that will mold global business
relationships in the 21% Century. Chapter 5 outlines some ideas on
sustainability and business growth and Chapter 6 discusses protection of
intellectual property and cost minimization through global business

relationships.

Chapter 7 explores the evolution of the new corporation in a changing
business and philosophical environment. Conclusions are presented in
Chapter 8.
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Chapter 1

Introduction

1.1 The Status of Non-Volatile Memory

Since the invention of the computer, non-volatile (or pseudo-non-
volatile) memories such as ROM's, EEPROM's, FLASH, etc., have been
used to store data and program code. However, with the exception of ferrite
core memories of the early sixties, most of these semiconductor non-volatile
memories wear out after less than one million erase/write commands,
consume considerable power, and write at microsecond or millisecond
speeds. Ferroelectric non-volatile memories (FERAM's), however, have
tenth of nanosecond, symmetric, read/write speeds (at the molecular level)
and show very little degradation even after more than 100 billion erase/write

operations.

FeRAM's are currently being used in stand-alone memories, smart
cards, RFID tags and in many other consumer products. Commercially,
more than 100 million FeRAMs have been introduced to the market and now,
due to continuous upgrades, they are becoming key candidates for system-

on-chip applications.



S. M. Sze predicted in his book ULSI Devices, (published in 2000)
that non-volatile memory would become a significant technology driver
exceeding the market size of transistors, DRAM’s and CPU’s by about 2010
[19]. Sze placed the accelerating part of his proposed growth curve for non-
volatile memories, very accurately, twenty years after the market
introduction of DRAM’s and CPU’s. It seems unlikely that Sze was aware
of the progress being made with ferroelectric devices, or that he was
referring to ferroelectrics in any way, when he published his growth curve
for nonvolatile memory.” It, therefore, becomes quite interesting to note that
his growth versus time curve (Figure 1-1) coincides exactly with the S-curve
associated with the invention, development and industrialization of the
FeRAM. Figure 1-1 shows the superposition of the two curves with

McMillan's colored S-curve representing FERAM's.

" There are several other "non-volatile" technologies, such as MRAM, Ovonic, etc., that are presently in
research; however, FeERAM technology is already mature, in production and exhibits real certainty for
future applications..



MARKET SIZE (Arbitrary Unit)

Figure 1-1. Sze's Growth curves for different

technology drivers. The superimposed colored
line represents McMillan's S-curve for

FeRAM's. (After Sze, ULSI Devices, pg. 13, [19])



1.2 Innovation Generators

According to Christensen, the semiconductor industry is based on a
disruptive technology, namely the transistor, which displaced the vacuum
tube in the 1950's [25]. Looking back over the last century it becomes
apparent that the invention of the transistor was not only disruptive but also
one of several related inventions that may now be called innovation
generators.® The invention of the transistor by Shockley, Brattain and
Bardeen at Bell Labs in 1947, inspired Jack Kilby to invent the integrated
circuit in 1958.”* The integrated circuit would never have been invented
without the prior invention of the transistor. In 1968 George Rohrer used
water soluble KNO; to build a capacitor like thin film ferroelectric memory
on a glass slide. Indirectly, this was related to the transistor and the
integrated circuit. Rohrer, however, was not particularly interested in the
processing of transistors and integrated circuits, but was inspired by the
work of Schubring, Anderson,VVon Hippel and several others who were
trying to find a replacement for magnetic core memories. It is interesting to
note that the transistor, the integrated circuit and the ferroelectric memory all
originated from extremely simple appearing, and yet very technologically

complicated, initial prototypes (Figure 1-2).

8 "Innovation Generator" is a term devised by the author to describe inventions and/or
innovations that cause many people to generate more inventions and innovations.

% It should be noted that Julius Edgar Lilienfeld proposed the basic principle behind the
MOS field-effect transistor in 1925. Reference Lilienfeld U.S patents 1,745,175
(1930) and 1,900,018 (1933) [67]

10 Nobel laureate Jack Kilby, died of cancer at age 81, June 22, 2005.



The invention of the integrated ferroelectric memory by McMillan in
1975 was inspired by the previous invention of the transistor, the bipolar
integrated circuit, the MOS integrated circuit, Rohrer’s ferroelectric memory
and many others. (A brief history of ferroelectric memories will be given in
Chapter 3.) As with the transistor and the integrated circuit, the integrated
ferroelectric memory has also become an "innovation generator” (Figure 1-
3) causing the formation of thousands of new companies and the production
of millions of new products as well as inspiring new research and

development interest in almost every country on the planet.

1.3 Ferroelectric Memories

From simple beginnings, ferroelectric memories have now progressed
to the point where they are not only competing with other integrated circuits,
they now display some characteristics that other IC's cannot match. With
their low power consumption, radiation hardness, fast read-write cycle times
and nearly infinite endurance, ferroelectric non-volatile memories
(FeRAM’s) are now widely recognized as superior to other commercially
available nonvolatile devices such as electrically erasable programmable
read-only memories EEPROM's and FLASH (Figure 1-4). It is also
apparent that FeRAM's may soon be replacing many devices in existing
products and appearing in a broad spectrum of new, and/or not yet designed,
products that will have a significant effect on 21st Century society (Figure 1-
5).
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Figure 1-2. Some significant invention/innovations of the

20™ Century [53] (Note the apparent simplicity of the prototypes.)
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RFID Cards

Televisions

Helicopter: control, navigation, communication

VCRs

Medicine administering systems

Automatic doors

Smart hospital bed with sensors and
communication

Electric wheelchairs

Patient monitoring system

Smart briefcase with fingerprint enabled lock

Surgical displays

Ambulance medical and communication
equipment

Digital thermometers

Automatic irrigation systems

Portable data entry systems

Jet aircraft: control, navigation, communicaton,
autopilot, collision-avoidance, in-flight
enterntainment, passenger telephones, etc.

Pacemakers

Laptop computer (contains embedded systems)

Portable stereos

Automatic lighting

Satellite receiver systems

Pump monitoring system

Credit/debit card readers

Lottery ticket dispenser

Barcode scanners

Traffic light controllers

Cash registers

Police vehicle (data lookup, communication,
sirens, radar detector, etc.)

ATM machines

Handheld communicator (walkie-talkie)

Automobile (engine control, cruise control,
temperature control, music system, anti-lock
brakes, active suspension, navigaton, toll
transponder, etc.)

Fire-control onboard computer

Cordless phones

Microwave oven

Coffee makers

Smart refrigerator

Rice cookers

In-home computer network switch

Portable radios

TV-based Web access box

Programmable ranges

House temperature control

Portable MP3 player

Home alarm system

Digital camera

Point-of-sale system

Electronic books

Video game console

Hearing aids

TV remote control

Dishwashers

Electronic keyboards/synthesizer

Electronic clock

Fax machine

Streaming video cameras

Scanners

Electronic wristwatches

Wireless networking

Pagers Telephone modem

Cell phone Cable modems

CD players Printers

DVD players Portable video games
Smart speakers Personal digital assistant

Stereo receivers

Portable digital picture viewer

TV set-top boxes

Figure 1-5. A few applications for FeERAM's




To the general public, all of this may appear to have happened very

recently (Figure 1-1). That, of course, is not the case. This "new"

ferroelectric random access memory (FeERAM) technology is really the result

of a difficult journey that started many years ago encompassing the

resources and lives of hundreds of people. The author, alone, has dedicated

over 35 years of his life to bring this technology to commercial reality

(Figure 1-6).
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Figure 1-6. A brief history.




Throughout the author’s career, especially during the years of his
involvement in ferroelectric technology, he experienced the roles of inventor,
innovator, entrepreneur, etc., without really being cognizant of what those
terms meant. In like manner, he was unaware that some of his efforts might
possibly result in breakthroughs that would have significant and positive
effects on global society. In many respects, this thesis represents part of the
author’s awakening to those possibilities and his struggle to achieve that

understanding.

11



Chapter 2
From inventor to entrepreneur:
definitions and evolving

characteristics

2.1 Invention

No one really knows exactly when, why, or how our ancestors
achieved the ability to visualize ideas in their minds and then bring those
ideas into existance. From the fossil record it appears that sometime
between 50,000 and 100,000 years ago primative man evolved millions of
new brain cells that, somehow, established the ability to create images and
then express those images through the generation (invention) of new tools
and various aesthetically pleasing artifacts. **

It appears that mankind alone has this imaginative capability. It
could be argued that this ability to create and/or invent is the single most
significant factor differentiating modern human beings from all other
organisms found on earth. It could, likewise, be argued that every person,
by the very fact that they are human, has the potential to discover, express

ideas and build objects that were previously non-existant.

! The word “invention” comes from the Latin verb meaning “to come upon” [10].

12



Having the potential to invent and actually being inclined to exercise
that ability, however, are very disparate concepts. Innumerable
psychological, financial, environmental and socialogical factors effect the
thought processes of potential inventors such that relatively few (compared
to the total world population) ever attempt to invent anything. Everyone
interprets the world around them differently than everyone else. The same
insights that drive some people to despair can drive other people to think of
solutions, new products or new methodologies. No one knows, of course,
but the inventor of glass manufacturing may have been someone who
observed glassy materials in the embers of a beach fire sometime in the far
distant past. Perhaps George de Mestral became upset by cocklebur seeds
sticking to his jacket, which inspired him to invent Velcro. Frustration with
the many errors found in mathematical tables may have led the
mathematician Charles Babbage to think of the invention of the computer.
No one, of course, will ever know what really happened in the inventor's, or

anyone else’s, mind at any point in time.

Much has been written about the inspirational origin of various
inventions. Common thought channels range from simple frustration, to
analysis of data, to serendipitous encounters (Figure 3-28) [21].* It may not
be intuitively obvious, but to the author at least, it appears that most
inventions actually originate from knowledge of something that already
exists. It could be calculus, bicycles or railroads, but every invention
appears to draw, in some way, on the accumulation of know-how that has

built up over thousands of years. To support this idea, the origins of

12 Serendipitous — finding something valuable or unexpected by accident or chance.

13



technological know-how predicating the discovery of ferroelectricity and

subsequently the invention of the FeERAM are detailed later in this thesis.

With the rapid accumulation of know-how and the world population
increasing at a phenomenal rate, one could easily assume that the invention
generation rate should be increasing accordingly.™® Indeed, this may be true
in some parts of the world, but certainly not in those areas that are
economically or politically stressed. We have no way to measure the
number of inventions that are not documented or never reach the patent
stage. We can note, however, that the large majority of issued patents fall
generally in those regions of the world that incourage freedom of expression
and have well developed economies (Figure 2-1). This would seem to
support the idea that the propensity to invent is a strong function of the

inventor’s political and economic environment.

For most of recorded history it appears that no one really believed that
anyone should receive special consideration for their creations. Until the
late 1400’s it appears that inventions were, somehow, considered community
property.” (Remnants of this mentality are still present in those parts of the
world still adhering to communist doctrine.) Even with the thousands of
international treaties, laws and regulations presently in force to protect

inventors and their intellectual property, there is still little protection for the

3 It took until 1950 for the world population to reach 2.5 billion. Since then, it has
More than doubled, reaching 6.1 billion in 2000. In the 50 years between 1950 and
2000, the world grew in population by an amount equal to all previous growth in all of
human history. [55]

14



individual inventor from practitoners of unscrupulous legal and business

activities.

Boto2
2113
O 13 to 30
O030t72
B 7210183

B 183 to 995 Ty = ]
O No data _!_,Q’/T T -'““"'q_rﬂ,_..h-g-*-___‘_‘_ -

.
P
o N

Figure 2-1. Patents per million population
(After Carnel, Ref. [3])
For instance, according to James White, (page 2, reference [5]):

“It is estimated that every year 25 to 30,000 would-be inventors
in the U.S. alone are talked out of $500 to $25,000 by people

14 The first systematic attempt to protect inventors by a form of patent granting
exclusive rights to an individual occurred in Venice, Italy in 1474.

15



with no interest whatsoever in the inventor’s invention, only

their money.”

White also estimates that this probably amounts to around $300
million per year and that inventor support, such as patent attorneys, patent
agents, prototype makers, machine shops, manufacturers, etc., (in the United
States, alone) collect about $1.5 billion per year [5]. Is it any wonder that

most inventors become extremely protective of their intellectual property?

At a fundamental level, discriptions of inventor characteristics are
probably as complicated as the discriptions of divergent world cultures. It
may be easy to simply follow Webster’s dictionary and define an inventor
as “someone who creates or produces something for the first time” and an
invention as “a creation of the imagination”, but these definitions really do
little to illuminate the complicated mental and socialogical mechanisms that
ultimately lead to most of the worlds known inventions.”® We can, however,
gain some insight into these mechanisms by adding the concept of

innovation to the basic definitions of inventor and invention.

1> Webster’s New Dictionary of the English Language, Merriam-Webster, Incorporated,
Popular Publishing, New York, 2003.

16



2.2 Innovation

The concept of innovation probably entered the language of sociology
through Gabrial Tarde (1843-1904) according to Fontan [22]. Tarde
proposed that the accumulation of inventions — “innovations” — makes
societies evolve and gradually alter human behavior [22]. Tarde apparently
did not persue this concept and it was not until Joseph Schumpeter (1883 -
1950) that a better definition of innovation emerged. Schumpeter believed
that innovation lies in the process that leads to social change through use of
inventions [22], [23]. From this we can see that the terms “innovation” and
“invention” might be interchanged and easily confused. It appears that
innovation could be defined as “the process that transforms new ideas or
concepts into commercial value,” or “the turning of a new concept into
widespread use”.*® In a broad sense, we might say that an invention is the
product of a person’s mind and that it (the invention) is capable of self
existence. In that sense, an inventor is really the creator of intellectual
property and an invention perhaps becomes an innovation only when it is
enhanced with existing knowledge and enters the commercial mainstream.
If future developments are influenced by this combination the author
maintains that the innovation becomes an innovation generator. (See the
definition of innovation generator in footnote 5.) With these concepts, the
innovator is actually a change maker and innovation becomes an economic
and social, rather than a technological term (note the quote from Peter

Drucker in Section 2.4.).

18 Webster's New World College Dictionary defines innovation as "..something newly
introduced...change in the way of doing things...."

17



2.3 McMillan's Stagnation Wall

Figure 2-2 separates some characteristics of inventors and innovators
and illustrates the transition from invention to innovation. This illustration
also proposes that a primary stagnation wall often differentiates or separates
the inventor from the innovator."” This stagnation wall is generally brought
about by inventor protectionism and subjective distractions from value
building. Often this wall appears because inventors tend to inflate the value
of their inventions (as perceived by potential investors) or because they fear
losing their intellectual property to unscrupulous financial and/or business
practioners. An example of the latter, experienced by the author, is

presented later in section 3.6.

Inventors, in general, cannot become innovators unless they overcome the
stagnation wall.®®* By most simple definitions, we imply that inventors are
creators (producing something with their individual minds that never before
existed) and that innovators effect economic change by somehow
implementing what the inventor has already brought into existence. It is
often this sense of individual creation, and the personal need to protect that
creation, that drives the inventor's thinking as they face the stagnation wall.
This sense of protectionism may be similar to the feeling that a parent has

for their children. In like manner, inventors often cannot put a monetary

7 The term, “stagnation wall" was invented by the author.

'8 No one knows for sure; however, it appears that no more than 2 to 7% of the patents
issued ever return a profit to the inventor [69].
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value on their inventions any more than parents can put a particular value on

their children.

As evidenced by the low percentage of inventions that reach maturity or
provide profit, most inventors have considerable difficulty overcoming the
stagnation wall. In some respects it seems that the primary mediator of the
inventor's protectionism may simply be the allure of wealth and recognition
provided by innovation.” This, however, is an obvious over-simplification
that may apply to some, but not all, inventors. The author considers himself

far outside the group driven by wealth and recognition.

In the following chapters, the author provides a few examples of
patent-sharing, joint development and other procedures that may solve
many, but not all, problems related to the stagnation wall.*® 1t seems more
likely that successful inventors must ultimately look beyond their individual
greed and ego inclinations to embrace the enhancement of society if they are

to really overcome their individual stagnations walls.

19 «But in science the credit goes to the man who convinces the world, not to the man to
whom the idea was born,” Francis Darwin, [17].

20 It should be noted that most of the author's patents are shared with other individuals.

This practice of adding "several inventor's" names to patents, evolved from political,

financial and bureaucratic considerations and may confuse or violate the

fundamental concept of individual creativity. It does, however, provide a simple

route over the stagnation wall problem.
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The Transition from
Invention to Innovation
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2.4 Entrepreneur

If the innovator is the creator of change, then the entrepreneur must
be the risk taker and merchant of change. The word entrepreneur originates
from the French word, entreprendre, which means “to undertake.” The
Merriam-Webster Dictionary defines the entrepreneur as one who organizes,
manages, and assumes the risks of a business or enterprise. In reality the
concept of entrepreneurship has a wide range of meanings. On the one
extreme an entrepreneur is a person of very high aptitude who pioneers
change, possessing characteristics found in only a very small fraction of the
population. On the other extreme of definitions, any one who wants to work

for himself or herself could be considered an entrepreneur.”*

Schumpeter maintained that entrepreneurs sometimes put themselves
at risk while introducing new products, production innovations and new
organizations [23]. In almost all definitions of entrepreneurship (and there
are now many), there appears to be agreement that entrepreneurs (1) take
initiative, (2) organize social and economic resources to practical account,

and (3) accept risks and failures [24].

It is interesting to note what Peter Drucker has said along these lines.
The following is a direct quote from, Drucker, Managing in the Next Society,

page 95, reference [56]:

2 people with vision usually have some control over their own lives. People with no
vision are generally controlled by others (unknown source).
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“In this country (USA) we, by and large, still believe that
entrepreneurship is having a great idea and that innovation is
largely R&D, which is technical. Of course, we know that
entrepreneurship is a discipline, a fairly rigorous one, and that
innovation is an economic not a technical term, and

entrepreneurship creates new business....”

How can anyone beat Drucker in simple prose?

The popular press (various sources) attributes many rather confusing
characteristics to entrepreneurs that the author feels compelled to comment

on. A few examples follow:

e They are willing to work long hours, with patience and perseverence.
The author's opinion: Not necessarily so. A good entrepreneur
usually trys to work his/her way out of a job, therefore minimizing

work hours because he/she is tenacious and impatient .

e They love challenges and show tolerance for ambiguous, unstructured
situations.
The author's opinion: Somehow this sounds more like the
characteristics of an inventor. Most of the entrepreneurs known to the
author are somewhat intolerant to ambiguous and unstructured

situations.

e They possess a desire for change and constant improvement.

The author's opinion: Agree. Good entrepreneurs should monitor
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social trends and try to adopt new technologies to those trends.

e They listen and communicate well.
The author's opinion: Not necessarily so. The author knows some self

proclaimed entrepreneurs that seem to listen only to themselves.

e They are independent, extroverted and often driven by incredible ego.
The author's opinion: Sometimes, but not always, true. Sometimes
self confidence and determination are manifested as egocentric
behavior. It is also possible to be introverted and still act in an

extroverted way under certain circumstances.?

e They learn quickly, enjoy feedback, and are able to learn from their
mistakes
The author's opinion: You don't need to be a scholar to be an

entrepreneur.

e They are self-confident and determined to succeed.

The author's opinion: In general this seems to be true.

e They generally want to make all, or most of, the decisions.
The author's opinion: Not always true. Really good entrepreneur's
should be team players. Dictator-like decision tactics are not very

well received by anybody, especially in the new global society.

22 The author appears to be extroverted but is actually quite introverted.
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e They love to take calculated risks.
The author's opinion: Schumpeter was right. Good entrepreneurs

should not be afraid to take risks.

e They are able to exert influence and inspiration on others without a
need to impose status or power.
The author's opinion: This appears to be generally true. However,
unfortunately, some entrepreneurs will impose status and power to
convince or influence others, especially if there is a lot of money

involved in the deal. Note closely Figure 2.3 below.

High-Tech-Entrepreneurs

| - A Normal Entrepreneur

I P e OE  Cralie Fae
1% 107

The Wrong Entreprenear —— * 1 .

TO%
Monay

Figure 2-3. “Right” and “Wrong” Entrepreneurs
(After Oxford University Survey, 2003, reference [57].)
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It is generally believed that these characteristics, along with know-
how, personal contacts, and business expertise, somehow separate successful
from unsuccessful entrepreneurs. If this is true then it seems obvious that
there must be a minimal set of individuals in the world satisfying the

requirements of successful entrepreneurs.

2.5 McMillan's Heirarchy Of Mentality
Model

It appears to the author that it is difficult, or impossible, to lista firm
set of characteristics that apply to all successful people at all times. The
author believes however, that there may be a loosly connected hierarchy of
mentality separating leaders, managers, entrepreneurs, innovators, and
inventors from visionaries and dreamers. In reality, of course we can easily
imagine visionaries as dreamers, and dreamers as visionaries, with a subtle
difference in the respect given to visionaries. (Note the simple model shown
below in Figure 2-4.) Referencing this model, we see that visionaries do
not have to be leaders, leaders do not have to be entrepreneurs, entrepreneurs
do not have to be managers, innovators do not have to be inventors and
inventors do not have to be dreamers. In like manner, dreamers are not
necessarily inventors, inventors are not necessarily innovators, innovators
are not necessarily managers, managers are not necessarily entrepreneurs,
entrepreneurs are not necessarily leaders and leaders are not necessarily

visionaries. After saying all of this, it should still be obvious that some
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individuals might exhibit the characteristics associated with all of these titles

at some point in time.

Visionaries “ Dreamers

L] o

Leaders

L

Entrepreneurs

L

Managers

L |

Innovators

L

' Dreamers ﬂ Inventors

Figure 2-4. McMillan’s
Heirarchy Of Mentality Model
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Again, directly quoting Drucker, The Essential Drucker, page 323, reference
[59]:

“What we need is an entrepreneurial society in which
innovation and entrepreneurship are normal, steady, and
continual. Just as management has become the specific organ
of all contemporary institutions, and the integrating organ of
our society of organizations, so innovation and
entrepreneurship have to become an integral life-sustaining
activity in our organizations, our economy, our society. This
requires of executives in all institutions that they make
innovation and entrepreneurship a normal, ongoing, everyday
activity, a practice in their own work and in that of their

organization.”

Again, Drucker sums it up rather nicely, and the author fully agrees with

Drucker.
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Chapter 3

Ferroelectric memory:

From invention to industrialization

3.1. The early history

The discovery of ferroelectricity did not occur in a vacuum. It
probably resulted from a long history of observation that, under certain
conditions, some materials could become "charged"”, generate sparks and
attract small pieces of paper, wood, etc.? It appears that this phenomenon
was not investigated scientifically, however, until about 1824, when Sir
David Brewster, a Scottish scientist, first used the term pyro (fire) electricity

to describe materials that change polarization amplitude when heated [ 65].*

In the early 1880’s Pierre and Jacques Curie discovered that some
naturally occurring crystalline materials, such as quartz, could change shape
when subjected to an electric field. This property, which they named
piezoelectricity, was later also found in some artificially produced crystals
such as ammonium dihydrogen phosphate, lithium sulphate and sodium

8 Theophrast noted in 314 BC that tourmaline becomes charged when heated [65].

2 It is questionable how Brewster did his measurements. The author could find no
reference documents.
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potassium tartrate tetrahydrate.”> One of these materials, sodium potassium
tartrate tetrahydrate, (NaKC4H405.4H,0 — also known as Rochelle Salt)
appeared to exhibit a higher piezoelectric effect than most other materials,

and later became known as the first discovered ferroelectric material.2®

A ferroelectric is a polar material whose spontaneous
polarization can be reversed or re-oriented by applying

electric field.
_ bl el [olo fa] +,- Free Charge
O Electric Dipole
Bound Charge
Total Q = Free Q + Bound Q
+ 2 I T T e
D=¢g,E+P

In ferroelectrics, g, E << P

D=P

Figure 3-1. A simple illustration of a ferroelectric material

(figure courtesy of Symetrix Corporation).

2% When an electric potential is applied to a piezoceramic material, its dimensions change.
This may be referred to as “motor effect”. Conversely, if an electric charge is
produced when mechanical stress is applied, this may be called “generator effect.”

28 Relatively little work was done with this material, however, until Joseph Valasek
began investigating some of its dielectric properties in the early 1920’s [1], [58]. (The
paper, History of Ferroelectrics, by Eric Cross, reference [58] is an excellent reference
for the early history of ferroelectrics.)
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In 1920 Valasek presented a paper at the Meeting of the American
Physical Society in which he showed a D (displacement current) versus E
(electric field) hysteresis plot for Rochelle Salt (Figure 3-1, Figure 3-2). He
also noted that P (polarization) versus E (electric field) was analogous to B
(magnetic flux density) versus H (magnetic field intensity). He found that
he could produce a reorientable spontaneous polarization (Ps) in Rochelle
Salt when it was cooled below a certain transition temperature (Tc: Curie
Point). By applying an alternating electric field across a sample of this
cooled material and tracking the output current, he produced a hysteretic

charge loop. [See Figure 3-2]
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Figure 3-2. Rochelle Salt hysteresis loop
(After Valasek, page 479, reference [4] )
(By todays standards, this hysteresis loop was plotted backwards.)
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He concluded that polarization is a natural state for Rochelle Salt [2], [4].
This analogy with ferromagnetic properties led easily to the misnomer

“ferro”- electric to describe this new class of materials.?”*® [See Table 3-1]

By definition, today, a material is considered ferroelectric if it has a
spontaneous polarization, Ps, which can be reoriented with an electric field
across the sample that is larger than the coercive field for that particular
material. (By definition, the coercive field is that field where the
polarization is reversed and E = V/d, where E=field, V=volts and d is the
thickness of the capacitor structure.) This reversal is also known as

switching.”

2" Joseph Valasek was born of Czech parents in the United States. He died at the age of
96 in 1993. His PhD thesis, "Piezoelectric activity of Rochelle Salt under various
conditions" is dated 1922. [58]

%8 The early designations Seignette-electric and Rochelleelectric, to describe ferroelectric
materials, were dropped by 1935.

2% 1t should be noted that all ferroelectric materials appear to be piezoelectric, and that all
piezoelectric materials appear to be pyroelectric. This would imply that all
ferroelectrics are piezoelectric and pyroelectric. The difference, of course, is that
ferroelectrics additionally possess a reversible, potentially non-volatile macroscopic
spontaneous electric dipole moment in the absence of an external electric field.

31



FERROMAGNETIC FERROELECTRIC
Ferromagnetic materials show a Ferroelectric materials show a
spontaneous magnetic polarization spontaneous electric polarization due
due to an alignment of magnetic to an alignment of ionic dipoles
dipoles
Magnetic Domain Electric Domain
Alignment Alignment
Easy Axis Easy Axis
Hard Axis Hard Axis
Magnetic Hysteresis Electric Hysteresis
B Versus H Loop P Versus E Loop

Table 3-1. Ferromagnetic — Ferroelectric Analogy

(Table courtesy of George Rohrer)

The resulting states for each orientation are generally symetrical at zero

voltage, and may be enantiomorphous.®

A second ferroelectric material, potassium dihydrogen phosphate
(KH,PO, - “KDP”), was discovered by G. Busch and P. Scherrer in 1935.
This, in turn, was followed by some of its isomorphs (ammonium

dihydrogen phosphate and potassium dihydrogen arsenate) [6].*"

%0 Enantiomorphous: The resulting states are mirror images of each other.

31 |somorphs are materials with close similarity in crystalline form but with different
compositional elements.
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The third major ferroelectric substance, barium titanate, BaTiO3, was
discovered sometime after 1940 (probably by A. Von Hipple at MIT). We
know that many independent researchers in Russia, England, Holland, Japan
and Switzerland worked on this material between 1940 and 1945.
Unfortunately, all publications concerning this material were security
classified in the United States during this time period. An excellent
accounting of this research, however, is given by A. Von Hippel in a paper
published in Modern Physics in 1950 [8]. It is interesting to note that von
Hippel does not claim credit for discovering the ferroelectric properties of
barium titanate, at least in this paper, but that others imply that he should be
given that credit [58].

Barium titanate was the first ceramic material that exhibited
ferroelectric behavior. This proved that ferroelectricity could exist in simple
oxide materials, and that it was not always associated with hydrogen
bonding (such as found in such water soluble compounds as Rochelle Salt,
potassium dihydrogen phosphate, ammonium dihydrogen phosphate, etc.).
Barium titanate is a member of the perovskite family. This crystal family
designation is based on the atomic configuration of the mineral perovskite,
CaTiOz (Figure 3-3). Following the barium titanate discovery, this same
crystal family has since yielded over 250 pure materials and many more

mixed systems that are also ferroelectric.*

%2 It is estimated that there are now approximately 2000 known ferroelectric materials. It
is interesting to note that even ice exhibits ferroelectric properties [7].
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Figure 3-3. Basic perovskite structure of BaTiOz;with the Ba ion in the
center of the cell and Ti ions inside the oxygen octahedra. (After
Randall, reference [54])
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3.2. The single crystal ferroelectric

memory

In 1952, J. R. Anderson proposed construction of the first non-volatile
memory device using ferroelectric barium titanate [11], [12]. This device
consisted of a 100 micron slice of single-crystal barium titanate with an x-y
addressing electrode matrix. An electric field was used to switch, or “write”,
each ferroelectric cell into either a positive or negative polarisation state.

His proposed device was built, with sevaral design variations, by AT&T,
Ford, IBM and Westinghouse during the 1950’s (Figure 3-4).

Figure 3-4. Typical electrode arrangement for a 100 micron thick
barium titanate crystal memory, circa. 1955
(After Daglish, Pg. 23, Reference [11])
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The basic principle of a ferroelectric (matrix) memory was
demonstrated, but none of these devices proved to be commercially practical
for a number of reasons. Preparation and selection of the uniformly thin
pure crystal slices was very expensive. Regardless of how the conductors
were configured, excessive cross-talk between adjacent address lines could
not be eliminated, and single crystal slices could never be thinned to the

point where reasonably small write voltages could be achieved [13].

In 1962, James Nolta and Norman Schubring of General Motors
Research Laboratories in Warren, Michigan, reported that, based on the
earlier work of Sawada, Nomura, Fujii and Yoshida with sodium nitrate,
they (Nolta and Shubring) had discovered ferroelectricity in room
temperature potassium nitrate [9], [14]. In their experiments, Nolta and
Schubring melted reagent grade potassium nitrate on a copper substrate
which became the bottom electrode of a capacitor-like structure. For top
electrodes they tried mercury, metallic foils and silver paint which they
applied while the potassium nitrate was still molten. Some of their KNO;
sandwich structures were as thin as 2 x 10 cm. They achieved extremely
symetrical hysteresis loops with their devices but noted that all ferroelectric
properties quickly diminished in the presence of moisture.. (They, of course,
realized that, like many of the earliest known ferroelectric materials,

potassium nitrate was water soluble.)
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3.3.  The first polycrystalline thin film

ferroelectric memory

In 1968, George Rohrer, who was then a graduate student at Michigan
Technological University in Houghton, Michigan, succeeded in building a
large number of very thin (750 Angstrom thick) potassium nitrate capacitors
in a vacuum chamber. Utilizing a modified metal evaporation system, he
evaporated KNOs, onto gold electroded glass substrates and then evaporated
gold top electrodes and silicon monoxide passivation glass (through shadow
masks) onto the KNO3z while the devices were held under vacuum (Figure 3-
5). This process essentially eliminated the moisture problem and resulted in

thin film capacitors with excellent ferroelectric memory properties [15], [16].

Figure 3-5. George Rohrer’s Thin Film KNOj3; Ferroelectric Memory
built on a glass slide with a shadow mask vacuum deposition
process, circa. 1968 (Photo, courtesy of George Rohrer)

Rohrer quickly patented his invention(s) and organized a small company in
Sault Ste. Marie, Michigan with the objectives of manufacturing and selling

“raw” thin film ferroelectric memories.*

%% Rohrer’s company was named Technovation Corporation and was financed by private
investors out of Detroit, Michigan.
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3.4. McMillan’s cubic integration

McMillan, the author of this thesis, met George Rohrer in 1973. After
visiting Rohrer’s laboratory in Sault. Ste. Marie, McMillan soon realized
that polycrystalline and randomly oriented films could replace the highly
structured crystalline materials previously considered for memories. He also
came to the conclusion that Rohrer’s raw ferroelectric memory array (with
its external decoding arrangement) could possibly become the key
component for a non-volatile, random access memory device with all the
required power supplies, decoding circuitry and 1/O capabilities built into a
“cubically integrated” structure. It seemed obvious to McMillan that it
would be less costly and technologically more feasible to build integrated
circuits as three dimenensional arrays with active and passive components
deposited in layers above a substrate, rather than following Moores law and
continuously crowding more and more electrical components into smaller

and smaller planar structures [20], [66].>*

% Gordon Moore predicted in 1965 that the transistor count per chip would double about
every two years. He apparently based his prediction on the fact that the number of
transistors per chip in 1961 was about four and by 1965 the number per chip was
about 200. The actual growth rate, after nearly forty years of data, now appears to
double about every eighteen months.
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Ferroelectric Memory
(1970s)

» Originally modeled after magnetic core memory
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Figure 3-6. Ferroelectric versus magnetic core memory
After reference [68]
McMillan became so enamored with Rohrer’s ferroelectric memory that he
took a leave of absence from Motorola, his employer at that time, and moved

to Sault. Ste. Marie to work with Rohrer on his “new” technology.
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3.5.  Ferroelectric capacitor C-V plots

Based on his earlier research on capacitance versus voltage (C-V)
testing of metal-oxide-silicon (MOS) devices and his seminal paper on C-V
modeling (MOS C-V Techniques for 1C Process Control, Appendix E),
McMuillan developed a C-V test for switching metal-ferroelectric-metal
capacitors. A typical C-V plot of a potassium nitrate (low dielectric

constant) ferroelectric capacitor during switching is shown in Figure 3-7.
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Figure 3-7. Capacitance/Dielectric constant versus

voltage for a ferroelectric capacitor
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In figure 3-7 it is quite apparent that the dielectric pulse amplitude is
proportional to the voltage ramp rate and that the (measured) capacitance
value changes dramatically as the switching ferroelectric induces varying

charge pulses on the capacitor electrodes.

We note the following for any parallel plate capacitor:
CV=Q (C = capacitance, V = voltage, Q = charge.)

If the dielectric medium between the electrodes is linear then:

CdV. =dQ = icp
dt dt

However, if the dielectric medium is also ferroelectric and switches from

one state to the other during a voltage pulse then we have:

CdV_+VdC =dQ = i total

dt dt dt
where CdV_= icp
dt

and VdC = giteh (due to switching ferroelectric)
dt

Figure 3-8 shows the relationship between (a) P vs. E, (b) C vs. V and
(c) I vs. V for a ferroelectric capacitor. It is generally believed that McMillan
was the first person to develop such a method for plotting the changing
dielectric constant of a ferroelectric capacitor during ferroelectric switching.

This test not only became standardized at Symetrix Coporation many years
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later, but also provided the unique and critical data needed to understand and

solve the fatigue and retention problems associated with the FeERAM.

(a) Polarization vs.
Electric Field

(b) Capacitance vs. voltage

(c) Current vs. voltage

Figure 3-8. The relationship between (a) P vs. E, (b) C vs. V and

(c) I vs. V for a ferroelectric capacitor.
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3.6. Integrated ferroelectric memory

The first integrated ferroelectric memory device (with active
components — ferroelectric switches - that were not dependent on single
crystal silicon) was finally disclosed by McMillan to Motorola in 1976
(Appendix A).** Figure 3-9 shows the abstract and primary drawing from

the patent that was ultimately filed several years later.

Motorola sent several technical and legal people to Technovation to
investigate Rohrer and McMillan’s integrated memory. They concluded that
the technology was valid and quite interesting, but not commercially viable
at that time. Motorola declined to invest in any way, which led McMillan to

depart from Motorola soon thereafter (in 1976).

Unable to obtain additional funding, Rohrer was forced to close
operations in Sault. Ste. Marie, and seek other employment in southern
California. McMuillan moved to Silicon Valley where he became employed
by American Micro Systems. Rohrer and McMillan continued close
communications with each other and both continued to seek, unsuccessfully,

reliable and ethical investors for their integrated ferroelectric memory.

%% This should dispel questions concerning the identity of the inventor of the integrated
ferroelectric memory.
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Figure 3-9. Drawing and abstract from McMillan's patent
for first integrated ferroelectric memory device
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In 1977, a former employee of American Micro Systems (who shall remain
un-named), unethically copied McMillan’s 1976 Motorola memo (Appendix
A) and used it to file for, and obtain, two patents without referencing
McMillan.** 3" Following extended litigation and the expenditure of
thousands of dollars in legal fees, (paid by McMillan, Rohrer and Ramtron
Corporation) new patents were issued and ultimately assigned to Ramtron

Corporation. (See listing of patents at end of thesis).

% It is interesting to note that McMillan's name, initials (on each page) and disclosure
dates were all plainly visible on the documents sent by the perpetrator to the U.S.
Patent office. The Patent Office, however, ignored the evidence (and proof ) of
McMillan's invention(s) and issued the patents to the perpetrator. The attorneys on all
sides of the ensuing legal proceedings were extremely well compensated, the
perpetrator was never prosecuted and the inventor, McMillan, lost thousands of dollars
in the process.

3 Reference McMillan's Stagnation Wall in section 2.3.
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3.7. The Founding of Ramtron

Corporation

In 1983, an investment group out of Australia contacted Rohrer and
offered to buy out Technovation and start a new company. Rohrer asked
McMillan, who was then a manager at Honeywell, to assist him (Rohrer)
with the Australian venture group negotiations. These discussions finally
led to McMillan’s resignation from Honeywell, and McMillan’s friend, Dr.
Carlos Paz de Araujo, a professor at UCCS in Colorado Springs, joining the
effort to form Ramtron Corporation. (Note that the name Ramtron is derived
from the names Rohrer, Araujo and McMillan.) Following several
discussions and agreements between UCCS, the Australian investors and the
founders, Ramtron Corporation was incorporated in 1984 and began
operations in a UCCS laboratory in May of that same year (note Figure 3-
10).

The Australian investors hired a new management team who had
previous experience in the IC industry but very little knowledge or
experience with ferroelectric materials or devices. Ramtron’s new managers
decided to change the ferroelectric material from potassium nitrate to lead
zirconate titanate (PZT) and the founders were assigned to technical
supporting roles.® It was impossible to convince George Rohrer that he

should work on anything other than the potassium nitrate that he had

%% Ramtron announced at the ISSCC the development of a 256-bit PZT memory with 4
micron design rules in 1988 [64].
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pursued for over sixteen years. Obviously, Rohrer had reached his
stagnation wall!

It soon became obvious that the investors, the new managers and the
founder scientists were on very different paths. Ramtron purchased
Technovation’s intellectual property and George Rohrer retired to the upper
peninsula of Michigan, where he later died.** McMillan and Araujo left

Ramtron Corporation in 1986.

% George Rohrer died of cancer, at age 61, in Sault Ste. Marie, Michigan, March 9,
1997. Rohrer's contributions to the technology of thin film ferroelectric memories
were very significant. Among other things, he proved that viable memory devices
could be built with polycrystalline materials. He also proved conclusively that such
devices exhibited excellent electrical characteristics down to 75 nm in thickness.
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Figure 3-10. The initial intellectual property assets of Ramtron
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3.8.  Symetrix Corporation

Symetrix Corporation was co-founded by McMillan and Araujo in
1986. With no capital, other then their personal savings, their startup
business strategy was quite simple and centered around several areas of
concern that were obviously related to their Ramtron experiences. Although
never written into any kind of formal business plan, the corporate founders
were highly motivated and actually driven emotionally by the strategic

elements shown below in Figure 3-11.

(1) Minimize the number of outside investors.

(2) Maximize the founders’ ownership.

(3) Remain a “Privately Held Corporation” as long as possible.

(4) Stay away from outside “Entrepreneurs” and venture capitalists.

(5) Provide initial funding with SBIR (U.S. Government) contracts.

(6) Seek working relationships with large companies — rather than
competing with them.

(7) Remain an intellectual property based company, selling licenses to

other companies and collecting royalties for their patents.

Figure 3-11. Symetrix Business Strategy

By most standards, this was not the way to start a company. Most
experts in the field teach that writing a comprehensive business plan is
essential to initiating any corporate activity. For instance, Michael Baird, in

his book Engineering Your Start-Up, states quite unequivocally:
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"Other than your last will and testament, the most important
document you will ever write is your business plan. A business
plan gives birth to your start-up. It enables you and your team
to envision and plan how the business will be run and to raise
funds." (Baird, page 108, reference [60].)

Obviously, McMillan and Araujo were being driven by factors that
surpassed common sense. Their "business strategy", however, became
effective immediately. They applied for and won several SBIR contracts
with the U.S. Government.”’ The proceeds from these contracts were
sufficient to finance Symetrix for several years until they were able to

negotiate research contracts with a number of large corporations.

Their research strategy for the new company was not quite as simple
as their business strategy. It had now become obvious that devices built
with either potassium nitrate or PZT could not meet commercially viable
fatigue and retention criteria. A thin film ferroelectric material needed to be
developed that could withstand the rigors of continuous switching over long
periods of time while still exhibiting solid data retention, fast speed and low
leakage. The search for a better (fatigue free) material quickly became the

critical element of the research plan.
For any ferroelectric product or device to become commercially

viable, the ferroelectric material and related structures must also be

manufacturable. The problem was that most of the hundreds of possible
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ferroelectric material candidates had very complex stoichiometries that
could neither be easily synthesized, nor deposited as thin films with existing
equipment. Device models and testing methods for ferroelectric thin film
devices were essentially non-existant. Extensive device theory was
obviously needed to move the technology forward. Figure 3-12 shows a
simplified flowchart of the research strategy that eventually drove the
company forward, resulting in the portfolio of McMillan authored and co-

authored patents shown in Appendix B.

3.9. The New Management Approach

Program and project management proceedures were implemented as
soon as the first SBIR contract was received and the same basic proceedures
continued to be used throughout the many years of Symetrix Corporate

operations.

From the initial formation of their management strategy, McMillan
and Araujo were very concerned with the recruitment and development of a
small, efficient and dedicated heavyweight team that could assume

responsibility for simultaneously running multiple projects.

It is interesting to note that, while defining such a heavyweight team,

Clayton Christensen, in his book, The Innovator's Dilemma, states:

40 SBIR: Small Business Innovative Research.
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"...They define a heavyweight team as one in which team
members typically are dedicated and colocated. The charge of
each team member is not to represent their functional group on
the team, but to act as a general manager - to assume
responsibility for the success of the entire project, and to be
actively involved in the decisions and work of members who
come from each functional area. As they work together to
complete their project, they will work out new ways of
interacting, coordinating, and decision-making that will come
to comprise the new processes, or new capabilities, that will be

needed to succeed in the new enterprise on an ongoing

(Christensen, The Innovator's Dilemma, page 209,

reference [25].)

Christensen seemed to know exactly what we wanted!

Rather than recruiting experienced, industry-savvy, engineers (who
would probably have many preconceived ideas from their previous work
experience), we knew that we really were looking for people who would
become associates, not regular employess driven by traditions and old ideas,
but rather driven by knowledge. As Drucker stated in his book Management

Challenges for the 21st Century (page 18, reference [27]):

"....Even if employed full-time by the organization, fewer and
fewer people are "subordinates"- even in fairly low-level jobs.
Increasingly they are "knowledge workers." And knowledge workers

are not subordinates; they are "associates." For, once beyond the
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apprentice stage, knowledge workers must know more about their
job than their boss does-or else they are no good at all. In fact,
that they know more about their job than anybody else in the

organization is part of the definition of knowledge workers."

We were looking for "knowledge workers"! Eventually we hired
several top notch Ph.D.'s, fresh out of school, who were extremely willing to
learn and ready to cooperate with each other. None of these people
considered themselves inventors and none of them had patents listed in their
work experience. Every Symetrix employee was required to enter into an
agreement that assigned to Symetrix Corporation all inventions and patents
derived during their term of employment. This, of course, implied that most
new inventions should result from teamwork and that such inventions would
necessarily be patented with co-authors rather than single authors. In a rather
subtle way, this strategy tended to minimize the inventor stagnation wall

problem before it could became a consideration of the individual inventors.

The management approach adopted by Symetrix was quite simple and
followed, to a considerable extent, the Plan, Do, Check, and Act (P-D-C-A)
decision-making process outlined by R. Ray Genani in his book,

Management of Technology and Operations (pages 325 - 326, reference

[44]).

The Symetrix team, however, changed slightly Genani's basic P-D-
C-A process and introduced a general philosophy that every project was to
'‘begin with the end in mind' and work backwards from the end
objectives. With the end goal(s) clearly defined and understood, project

flow charts and schedules were implemented using various software tools
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such as Microsoft Project, Project Management Pro and various other Gantt
Chart and Pert Chart management programs. By defining individual tasks
from the perspective of desired results and working backwards, activities

not directly contributing to the end goal(s) were eliminated.

Following closely the Nominal Group Technique (NGT)
outlined by Geheni (pages 352 -355, Management of Technology and
Operations [44]), all team members contributed to the development of
project flows, patents applications, risk assessments, critical path
determinations and personnel assignments. As each project/program
advanced, all Gantt charts, program assessments, process data, etc.,
were reviewed, corrected and updated on a weekly basis.** All
engineers and scientists were required to produce written weekly, bi-
weekly and monthly progress reports on all of their activities. These
reports were used for project status visibility and identification of issues.
Very detailed quarterly technical reports were prepared for all customers
giving insight into achievements. These reports also identified past and
current technical and management problems and offered strategies to

overcome difficulties.

*1 Gantt charts were developed by Henry L. Gantt early in the twentieth century [40].
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Figure 3-12. Symetrix Research Strategy
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3.10.

Material synthesis

To address the material synthesis problems, McMillan resorted to his

prior experience with sol-gel (solution-gelation) chemistry. Sol-gel, which

probably originated in Russia during the 1940’s, is based on the various

reactant species of hydrolyzed metal alkoxides and alcohol.

Glass Formed by Chemical
Polymerization at Low

Temperature

R

; :
RO-Si=OR +H,0 — RO-Si-OH +ROH

0 0

R R

Partial Hydrolysis
R R R
o 0 ¢
RO-S'i-OH + RO-SIi-OR-*- RO—Sii-O-Sli-OR + ROH
0 0 0] 0
R R R R
Condensation Polymerization
SYMETRIX
CORPORATION:
LDM

Figure 3-13. Sol-gel polymerization reactions.
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Such chemistries produce preciptant gels that may be applied to
smooth surfaces and dried to form glass-like layers (see figures 3-13, 3-14,
3-15 and 3-16). Such processes had been used in the semiconductor industry

for several years to form passivation layers on silicon substrates.

Copolymerization Results in the Formation of Multi-
component Glass Networks

R

R
0 S 0§
RO-$i~0H + HO-§ —= RO-Si-0-8 +H,0
0 e 0 9
R P R

Modifying lons and Transition Metal lons Are Added
as Acetates, Nitrates, and Alkoxides

Figure 3-14. Sol-gel copolymerization of multicomponent glass

networks.
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Figure 3-15. Typical precursors.
Figures 3-16 and 3-17 outline process flows for various modified sol-

gel and metal-organic-decomposition (MOD) chemistries that are referenced
later in this thesis.
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3-16. Process flow for sol-gel Y-1.

This enabled the synthesis of a rather large number of complex

ferroelectric materials with multiple stoichiometries in various solvents.

These liquid solutions were easily applied to silicon wafer substrates

via spin coating using a standard IC photoresist spinner. The films
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hydrolized, forming M-O-M (metal-oxide-metal) bonds, resulting in

stoichiometrically controlled ferroelectric materials

SrBi,Ta,0,

tantalum butoxide |
+ 1
2-ethylhexanoic acid
+
xylenes

v

react 48 hours
on 185°C hot plate
+

add metallic strontium
&

allow strontium
to react completely
+

distill off butanol and water
[

add bismuth 2-ethylhexanoate

Reactions:
TH{DC4HH}§ + 5 H02C3H15 _"Ta{D}{DECBHiEJJ

+H,0 + 3 HOC,H,

+ 2 H9C402CBH15
SI!‘ + 2 H02C8H15 _}SI‘{DQCHH]E}Q + H:'::

Figure 3-17. Process flow for modified sol-gel + MOD SBT process
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Ba + 2 HO,C4H,, —=Ba(0,C;H.5), + H,

Sr + 2 HO,C4H -Sr{0,CeHqo)y + H,

Figure 3-18. Process flow for Barium Strontium Titanate precursors.
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By coating wafers patterned with bottom electrodes, annealing
(crystallizing) the films and then depositing (and patterning) top electrode
metal, thousands of ferroelectric capacitors, with different materials, were

built and tested during the initial phases of Symetrix research.

Liquid sol-gel, however, is very moisture sensitive, so gelation and
precipitation occur during storage. Gelation rates (Kg,, Ksr, Kri, €tc.) vary
with the complexity of the metal hydroxide bonds, ambient temperature and
light exposure. Different metal compounds therefore precipitate at different
rates resulting in non-stoichiometric solutions and uncontrollable film

properties Figure 3-109.

Ba(OC,H.),
Yﬁa
- SHOCH),
ge! |":‘Sr
Ky Kg, # Kg, # Ky
i
Ti(OC,H.),

Figure 3-19. Gelation of multiple component solutions Nonuniform

microaggregates result in uncontrollable stoichiometries.
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McMuillan became aware of another chemical synthesis technique
being developed under U.S. government contract at the University of Illinois.
The scientists there were using a neodeconoic acid/solvent decomposition
process that prevented hydrolization of metal ions in solution. Using a
solvent exchange technique, McMillan and the Symetrix team were able to
merge the two chemistries such that the moisture/hydroxide problem was
eliminated and a new enhanced metal organic decomposition (EMOD)
chemistry was invented (Figure 3-20). Millan's solvent exchange process
was then used by the Symetrix team to encorporate over fifty elements into a
common solvent system. This, in turn, allowed the mixing of any of these

elements with all other elements in the same solvent system (Figure 3-21).

] o
.F !}Symetrix EMOD Precursors -I c |M 0 | F |Me
.. ... 5| o |ar
IIIIIIIIIIIIIII r
EENES N~ - AAEEE |-
Illlll [ [~ a
e [ [
EE--EEE w
mln U NpIPulAmICm Lw

51 elements in a common solvent system
Figure 3-20. EMOD precursor system. All elemental precursors are

miscible with all other precursors in the same solvent system.

The new chemical process became the basis for all future material

synthesis work at Symetrix. Over a period of several months, The chemical
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processes were then patented and licensed to several manufacturing

companies (Figure 3-22).

— -~ ‘{'" Built I
Sol-Osl - Ferroelectric
Chemistry —J u-:rr-m:iﬁrh e ""'u"'h‘:' -
: Materials

I’1 - _*__. - technigue
Sol-Gel is very . ~Stoichiometry Control Problems
moisture sensitive . Precipitation / gelation during storage
i LEte..
R . sotvent &

Figure 3-21. EMOD chemical synthesis process development
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3.11. LSMCD

Concurrently with development of the EMOD process, Symetrix, with
McMillan as Primary Investigator, entered into a SBIR (Small Business
Innovative Research) contract with the U.S. Department of Navy to design
and build a chemical vapor deposition machine capable of using liquid,
rather than gaseous, precursor sources.”> Up to that point in time, most
commercially available chemical vapor deposition machines were limited to
single element gaseous precursor sources. Throughout the IC industry, for
example, LPCVD (Low Pressure Chemical VVapor Deposition) systems used
dichlorosilane and ammonia gases to deposit thin films of SizN4 (silicon
nitride) on wafer substrates. These gases were reacted in vacuum, at high

temperature, with problematic stoichiometric control.

*2 McMillan had previous experience from the IC industry in chemical vapor deposition
processes and a patent on LPCVD (Low Pressure Chemical VVapor Deposition).
Note reference P155) U.S. Patent 4,279,947.
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Kojamds Chemieal Co.
&

Mitsubishi Materinks. Corp.

EMOD Spin-On
Materials Used In Production
At Matsushita, Oki..etc..

Figure 3-22. EMOD chemistry was licensed to several companies

With separate precursor gases required for each element, this process
was limited to deposition of single, or at most three element, compound
films. Stoichiometric control of multi-element compounds was nearly

impossible.

An experimental vacuum deposition apparatus was designed and built
based on the premise that it might be possible to utilize complex compound
EMOD liquid sources as CVD precursors. If the EMOD solutions could be
processed into small droplets by ultrasonic or other means, then this mist
could become the complex compound source for the apparatus. Figure 3-23
shows the R& D strategy and Figure 3-24 shows a basic outline of the

operating apparatus used to build several different deposition machines.
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The first deposition system built utilized a PZT (lead zirconate
titanate) piezoelectric crystal ultrasonic apparatus to generate a mist of

various sized

LSMCD
(Liquid Source Misted Chemical Deposition)

Sol-Gel 1 s MOD
Chemistry D [ s Chemistry [ >
Spin
m f
lsted
Deposition "

(LSMCD &
MoCVD)
f Mist " DepositWith
Electrostatic |
Liguid (Small m Field
Precursor Dropiets) - .
Ultrasenic Deposit
Mist Withouwt
- e LA
y

Figure 3-23. LSMCD R&D strategy

particles. These particles were injectred into a vacuum chamber at room
temperature and radiated with 240 nm. wavelength ultraviolet light (to
resonate hydroxyl ions). The particles “settled” onto the substrates via
gravity. Device worthy PZT, BST (barium strontium titanate) and SBT
(strontium bismuth tantalate) films were deposited, with fairly good

uniformity and excellent stoichiometric control over four inch diameter
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silicon wafers. McMillan's 1994 LSMCD BST publication in Appendix F

discloses initial results.

This technology was licenced to Samco Corporation for the
manufacturing of small volume Liquid Source CVD machines to be sold

primarily to universities for R & D and materials research (Figure 3-25).

Atomizer

Lig. Source

Field Screen

Substrate I “

Figure 3-24. LSMCD Experimental Apparatus

The Samco built machine worked quite well for thin film research and
development with large feature size (1 or 2 micron) IC structures. For

smaller feature sizes, however, the atomizer had to be modified to generate
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liquid droplets that were very small and uniform in size. It soon became
evident that such small droplets would not settle onto the substrates with just
the force of gravity. A new prototype machine was built that charged the
small particles such that they could be driven to the substrate surface by an
electric field. (The charging field plate, the charging screen and ground
connections are shown in Figure 3-24.)
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Figure 3-25. Liquid Source Chemical Vapor Deposition
technology licensed by Symetrix Corporation to Samco

Corporation
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Liquid Source Misted Chemical Deposition (LSMCD), the advanced
fine particle size technology, was licensed to Primaxx Corporation for
manufacturing and sales. Figure 3-26 shows the block schematic for their
machine and Figure 3-27 shows the Primaxx production model LSMCD

machine being sold (especially in Japan).

Conc. Pump Exhaust Pump

Ailr - - !

£ 4. ' Showerhead
| 1
| Muss Flow Controllers

Heater |

Power Sup.

|
Liquid |
Atomizer |

[ :_= i Deposition Parameters

! 0, o Deposition Voltage TkV

I Corona Voltage 4V
Corona Current J0pA
Atomizer Gas Pressure 90psi
Ligquid Flow 2000 fmin
Depasition Temp, 45°C

Figure 3-26. Advanced LSMCD block schematic for

production machine
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3.12. The serendipidous discovery of Y-1

A primary objective of the research was accomplished in 1991 when a
number of capacitor structures containing layers of strontium, tantalum and
bismuth was accidently over-annealed (Figure 3-28). Normally, such an
experiment would have been scrapped, but one of the Symetrix researchers
decided, perhaps on a whim, to test the capacitor structures and discovered,
to everyone's surprise, that they exhibited superior fatigue-free and retention

properties, even when switched to over 10" cycles at 85° C!

Figure 3-27. Production model LSMCD machine licenced by Symetrix

Corporation to Primaxx Corp. and manufactured by Primaxx Corp.

71



This over-annealing mistake had caused the strontium, bismuth and
tantalum layers to mix together, resulting in the formation of a layered
superlattice material (Figure 3-29). Symetrix was obligated by their US
government contract to disclose that a serendipitous discovery had been
made; however, they were not required to disclose (to the public) the
composition of the new material until it was fully protected by patents. The
new material was therefore named Y-1 (not SBT or strontium bismuth
tantalate) after the number of the particular process flow outlined in the
experimental matrix. (This, of course, was done to prevent infringement of

the intellectual property prior to patent filing.)

This serendipitous discovery literally put Symetrix Corporation ahead
of all ferroelecctric competition and put them on the map as a world class
research group. Y-1, along with the development of extensive device
models and new testing methods, opened the way to a number of very
significant patents and ultimately to the sale of several new technology

licenses.
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The Discovery Of Y-1
August 29, 1991
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Figure 3-28. The serendipitous discovery of SBT (Y-1). We had found
the “Right” Ferroelectric Material!
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Figure 3-29. a.) The lattice structure of ABI,B,09 (where A is a divalent metal
such as Sr, Ba, Pb; B is a metal of valence +5, usually Ta or
Nb); b.) The lattice structure of ABi,B40;5 (where A'is a
divalent metal such as Sr, Ba, Pb; B is a metal of valence +4,
usually Ti). (After, Nature, Vol. 374, page 628, April 1995.
Paper co-authored by McMillan.)
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The initial strategy had worked. Everything that had been strategized
many years earlier had now been accomplished. Millions of reliable
ferroelectric products are now being sold every year. Following the buyout
of two major stockholders, the original partner/founders now own over 70%
of the company. The company escaped the venture capital dilution trap and
is completely free of debt. R & D contracts continue to be a viable source of

revenue and the revenue from royalties is increasing every year.
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Chapter 4
Cultural differences that mold

International business relationships

4.1. Communication and business

between world cultures

The mechanisms enabling global communication are nearly all
pervasive. It can be easily assumed that, through the internet and via
satellites, communication with people on the other side of the world is as
easy as speaking with one’s next door neighbors. Such spoken and written
communication between people of various cultures must, however, be
understood as only the opening dialog for successful commercial exchange.
Assuming minimal language barriers and/or the availability of competent
translators, there must also be some mutual understanding of, and respect for,
the various cultural, social and traditional values separating the parties
before effective business transactions can be accomplished. To do otherwise,
could lead, at a minimum, to misunderstanding and embarrassment to

everyone involved.
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Recent statistics indicate that between fifteen and forty percent of US
managers sent overseas, fail with their foreign operations and return to the
United States much earlier than originally planned [46]. It is the author’s
opinion, based on some amount of personal experience with companies
foreign to the U.S., that many of these failures probably occurred because of
insufficient understanding of the cultural, traditional and social differences

separating the people trying to do business with each other.

There is a considerable amount of written information available on
such differences (reference, for instance, [37], [38], [46], [47], [48], [49],
[50], [51]); however, it appears (again, the author’s opinion) that completely
successful global interactions can only be accomplished between parties
actually willing to participate in each others cultures. It is far beyond the
scope of this thesis to elaborate on the multitude of elements that affect
international business relationships; however, the following seems

appropriate.

4.2. Classification of cultural

characteristics

On a very broad basis, following mostly the works of Hofstede
(reference [18], [37], [38], [51]), Ting-Toomey (reference [46]), Anbari

(reference [50] and Tung (reference [48], there appears to be a few cultural
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characteristics that can be categorized and reflected in management style
comparisons and business relationships all over the world. Among many
other factors, such comparisons generally include: individualism versus
collectivism, masculinity versus femininity, long-term versus short-term
orientation, power distance and uncertainty avoidance. Certainly these
terms are neither all-pervasive nor all-inclusive, but they do provide some
basis for discussion and a means to generally differentiate certain
characteristics between different countries. The following definitions and
differentiating tendencies did not originate with the author. (In fact, the
author has considerable difficulty trying to differentiate between people of
different races and cultures.) These definitions and classifications are
generally provided, however with some variations, throughout the above

references.

Individualism refers to the tendency in a culture for individuals to look after
themselves, and put their own needs and goals as a priority ahead of the
collective majority. Individualistic countries are reported to include the
United States, France, Germany, South Africa and Canada with the U.S.
being generally assumed as the highest individualistic country.

Collectivism refers to the tendency in a culture for individuals to work in
harmony with other people and other groups, putting harmony and group
needs ahead of their individual needs and desires.*® Collectivist cultures are

reported to include Japan, Mexico, Korea and Greece.

* 1t is interesting to note that boisterous, self-centered, ego driven business people and
entrepreneurs from the United States are often misunderstood, isolated or ignored in
Japan.
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Masculinity versus femininity refers to the distribution of emotional roles
between genders in a society. In “masculine” societies, people tend to be
assertive, tough, and focused on material success. Some masculine societies
are reported to include the United States, Japan, Mexico, Hong Kong, Italy
and Great Britain.

In “feminine” societies, reported to be present in such countries as Sweden,
France, Israel and Denmark, gender roles tend to overlap. In these countries
feminine values are said to be prevalent. Both men and women are

supposed to be modest, tender, and concerned with the quality of life.

Power distance generally refers to a culture’s expectations regarding how
power in an organization is distributed. Different cultures seem to have
different expectations regarding power distribution and equality; this leads to
how subordinates tend to respond to power and authority. In the high power
distance cultures reported to be located in Latin America, France, Spain and
most Asian countries, subordinates may tend to show more respect and fear
for authority. Authoritative management styles appear to be common in
these cultures. In low power distance countries, such as the United States,
Britain and much of Europe, subordinates expect to be treated as equals by
their bosses. In these cultures, consultative management styles appear to be

more effective.

Uncertainty avoidance refers to the level of comfort members of a culture
feel in unstructured or unknown situations. Employment stability, rule

orientation, and stress over uncontrollable situations are common concerns
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in such cultures. Uncertainty avoidance is reported to be high in countries
such as South Korea, Japan and Latin America. Where uncertainty
avoidance is weaker, in countries such as the United States, the Netherlands,
Singapore, Great Britain and Hong Kong, people may feel less threatened by

unknown situations.

Long-term versus short-term orientation refers to how a culture teaches or
programs its members to accept delayed satisfaction or gratification of their
emotional, social and material needs. Long-term oriented societies appear to
be characterized by persistence and perseverance. People in long-term
oriented cultures, such as found in Asia, tend to accept that it may take
considerable time to reach their goals and receive gratification. People from
countries such as the United States, Canada, Germany Australia and Latin
America may tend to be more focused on security and protection of their

individual reputations, and hence may expect more immediate results.

Reflecting on all of this, it becomes understandable why business
practice, organizational structure, management style and contract
understanding varies significantly from country to country and why each
country must be studied separately to fully appreciate the interplay between
culture and international business issues. It should also be apparent that
there cannot possibly be agreement between all people that all, or any, of
these cultural classifications are either accurate or relevant. Certainly the
universal aspect of such a study is far beyond the scope of this thesis and our
attention should logically be narrowed to those areas of the world where the
author has some personal experience. McMillan has rather extensive

business experience in Japan and Korea and his academic experience at
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Kochi University of Technology (especially with the guidance of Professor

Keizo Baba) has focused primarily on these areas.

4.3. Business culture: Japan, Korea and
the United States

In most world cultures, religion and a long history of family
development appear to mold the foundation of its beliefs, traditions and
social values. Korean and Japanese corporate cultures, for instance, are
influenced to considerable extent by Confucian and Buddhist traditions.
Such traditions place emphasis on loyalty to superiors, respect for authority
and faithfulness to friends. This results in such practices as lifetime, or long-
term, employment, promotions based on seniority, working in collective
harmony and family based management systems in these countries. Even
with such similarities, however, each country has its own unique

management styles and corporate structures.

Japanese and Korean corporate structures are generally based on
family-like units. Korean corporations tend to be structured around actual
blood (genetic) relatives, whereas Japanese corporations are often built
around family-like units consisting of relatives, neighbors, friends, etc.. In
both cases, personal connections tie business, family and friends into the
same unit. Such connections are not compromised by short-term or bottom-
line problems and often last for a lifetime. In both Japan and Korea, it is

common for workers to preserve group harmony by sacrificing their
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individual interests, In Japan, especially, work is considered a meaningful
vehicle to prepare employees for participation in social groups and the
company is considered to have a legitimate social mission. All of this, of
course, is in sharp contrast to the United States and most European countries
where law and social norms take precedence over friendship, and employees
work only to live while many self-gratifying employers show little interest

in social causes or their employee's welfare.*

Early in the author’s experience with Japanese companies, he learned
that Japan may be quite unique in being a nation where individual identity,
to a large extent, is a function of group and corporate membership. Within
each Japanese corporation, individuals appeared to have a very strong
allegiance to the corporation’s structure, expressing individual submission

from below and management benevolence from above.

Such relationships are generally not easily understood and/or accepted
by the independent and competitive mentality pervasive in the U.S. and
Europe. McMillan soon realized, however, that understanding (and
accepting) the philosophy behind such relationships could provide a better
understanding of the "inventor's stagnation wall" that he had encountered
earlier in the United States. It was really quite simple. If inventors could
somehow feel that they were not alone, that they were personally obligated

to work for the common good of society, and that they were happy to share

* To Americans, the company is a convenient tool to serve the interests of owners,
managers and employees. Americans recognize the company as an organization to
generate wealth. They tend to view work as a means to economic end. Employees of
the corporation willingly perform work in return for promised compensation.
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their wealth, then the stagnation wall might crumble and inventions could
then flow into innovations with little resistance. A great solution, but not

one that could be implemented easily or immediately!

Early in the history of Symetrix Corporation, contract negotiations
with Japanese companies proved to be considerably more complicated than
negotiations with American or European companies. Japanese companies
tended to emphasize building a mutually trusting relationship prior to
entering into any kind of written contract.* This, of course, is in stark
contrast to the United States, where business deals tend to be structured
around suspicion and distrust and where lawyers and legal documents set the
tone for the relationship. In Japan, contract terms and subsequent revisions
are ultimately effected by committee (almost family-like) action with,

usually final and silent, senior management approval.*® %’

In the United States, most contracts are negotiated by a few
participants exchanging extensive documents laden with “boiler plate” legal

language designed to protect and isolate the participating parties.*® Final

> Without such "trust building" prior to contract negotiations, Symetrix Corporation
would never have been able to enter into the JDP contracts that finally broke down
some of the stagnation wall referenced earlier.

" Collective decision-making in Japan generally involves extensive
consultation between all concerned parties until a consensus is achieved.

*" From personal experience, the author observes that decision making in Korean
companies seems to be centered more in top level management than it is in Japan. It
appears that the Korean approach to top-down decision making excludes lower level
managers.

*8 American workers are not accustomed to being involved in organizational decision-
making processes.
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signed contracts are usually exchanged (rather impersonally) by mail in the
United States, whereas in Japan friendly, and often elaborate, ceremonies

initiate new relations with the delivery of the contract documents.

From opening dialog to successful execution of international projects
to global commercial enterprises, management on all sides, and at all levels,
must recognize and appreciate the significance and pervasiveness of cultural
diversity. The world has moved far beyond the point where isolationism can
play a role in business strategy. Any new business model must anticipate
multi-cultural communication at all organizational levels and must promote
flexible leadership capable of inspiring cooperation, creativity and

innovation across international boundaries.
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Chapter 5
Strategies for sustainability and

business growth

5.1.  The single technology model

Most business startups begin with the presentation of a business plan
to groups of potential investors, bankers, venture capital groups or other
wealthy individuals. Such investors, whether ethical or not, will access the
investmen risk factors and structure their interest, service and expected ROI
(return on investment) rates accordingly.” This means, of course, that most
companies start off with a significant debt load and the risk of losing
everything (to the investors) if sufficient revenue (investor ROI) is not

achieved in a short period of time.

Assuming success, at some point in time (usually after several years)
there must be a break-even point where the company shows a profit and a

growth (“S™) curve can be generated. As discussed below in Chapter 7,

*9 |t must be noted that the author has had several unpleasant experiences with venture
capital firms attempting to control intellectual assets and corporate management
positions in exchange for minimal investments.

%0 The author is grateful for the considerable insight into S curves provided by Professor
Osamu Tomisawa of Kochi University of Technology.
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both investors and corporate founders must also, at some time, exercise exit

strategies that maximize return on investments.

A simple financial model for such a classic single technology business
is shown in Figure 5-1. It is obvious that exit point determination
(especially for the founders) is not a simple process with this model. In most
cases, outside investors will structure their agreements in such a way that
they insure maximum financial success far ahead of the founders. It is quite
common, at least in the United States, for investors, especially venture
capitalists, to take over early management of the fledgling company and
terminate the founders within a year or so of startup. Failure rates are quite
high for startups following this single technology model and it appears that
some of the business practices associated with it are quite detrimental to

technical progress and economic growth.

g Exit Points? d$/dt
\ 1
/ -

Break Even

VC
Invest.

Figure 5-1. Common Single Technology Business Model
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5.2. The multi-modal model

Following the line of reasoning developed by Christensen, Foster and
others, the multi-modal IP model shown in Figure 5-2 alleviates many of the
risk factors associated with the classic model [42], [43]. Symetrix started
with this multi-modal business model and has successfully used it for nearly

twenty years.

Developed Over Time Licensy

License

. License C
$ Mew Technologies ‘B 4 j License

Rovaltics

Capitalization model for sustainability in a multi-modal IP based
business. Cross correlation between projects reduces costs and creates
an environment for new inventions and new innovations,

Figure 5-2. Multi-modal IP based business model
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As described in Chapter 6 above, the founders of Symetrix
Corporation (Araujo and McMillan) did not seek initial funding from any
lending or investment source. The startup was funded through proceeds
from SBIR contracts, hence no initial debt was incurred. Rather than
focusing on a single technology path, several projects (chemicals, machines,
devices, models, etc.) were run in parallel, with their individual maturing S-
curves sequentially overlapping. Rather than trying to exit any single
technology at some prescribed time, each technology was licensed at
maturity to other companies with resulting license fees and royalty streams
returning to Symetrix. As these royalties and license fees were added to
corporate reserves these funds were also used to develop and leverage new
technology (in a cost effective manner), thereby establishing sustainability

and corporate growth.

5.3.  Aself-correcting neural network

model

Looking back at our experiences over the last twenty years, it appears
that, somehow, all of this could be modeled with a Self-Correcting Neural

Network. Figure 5-3 shows the author's initial attempt at such a model.
In this configuration, the inputs X3, X2, X3,.... etc.... represent income

(with respect to time) from JDP's, royalties, etc., and X, represents expenses

or negative income. These quantities, times their weight factors w;, w,, wa...,
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are summed with the minimum of such total (over any particular time
period) adjusted by the desired profit and reserves, d(t), such that e(t) equals
y(t) the output. If the output is running profit then nothing is done to effect
the weights, wy, wy, Wj,... etc., and the system runs freely. If, however, the
profit is unsatisfactory, then the function f(t) is less than some set amount
and a switch is closed causing the weights (adjustment factors) to be
regulated. The network should then recycle and readjust the various

parameters until the desired output is achieved.

l.."m
Vil
Min ey 2 S

= J Output

+Q
ftt) _I- é

X,fr) = Joint Development Programs (JOP) Min = E‘ W= X W+ W, W X,

X,(1) = Royalties

eft) = dft) - Min
X,fr) = Licenses Fees

¥ =e(t)
X1} = Expenses

Tir)=signiel(r))
if firy<e  Switch open - Output is running profit
it flrize  Switch closes - Weights are adjusted

dyt) = Profit + Reserves
v(t) = Running Profit

Figure 5-3. McMiillan's initial attempt at using a neural network
to model sustainability

In principle, this model should work quite well. With the ongoing advances

being made in global computer networks and communication systems, and
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with the availability of massive amounts of non volatile, fast, FeRAM

memory, this model could become reality in the very near future.
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Chapter 6

Protecting intellectual property
through business relationships and

managing the cost of patent protection

6.1. The patent assessment

Like most living organisms, a company begins to die as soon as it
stops growing. (This becomes evident with consideration of the single
technology S curve associated with the model in Figure 5-2.) Symetrix
Corporation continues to grow after nearly twenty years because it has
leveraged its intellectual capital in a rather ingenious way. Through
alliances with a few large corporations, Symetrix has been able to minimize
its own bureaucratic structure by reducing the number of employees, along
with the associated burden and overhead rates, while continuing to generate
new patents and avoid the difficulties and obligations associated with

outside investment.

As discussed earlier in Chapter 2, the path from invention to commercial
realization can be perilous and very expensive. With any invention, the
inventor must determine the initial disclosure path early in the process. In

some cases the invention might best be kept secret. This is especially true if
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the invention involves processes, ingredients or techniques that cannot be
reverse-engineered. (Coca-cola and Smith’s cough-drops are examples of

such inventions.)

In most cases, however, inventors should try to get patents on their
achievements prior to any kind of business negotiations.® Without a patent,
the inventor has little recourse to infringement or intellectual property theft.
Inventions that are not patented generally bring very little financial gain to

the inventor.

Patent costs can be staggering. It is not unusual for the inventor, or the
inventor’s financial backers, to spend many thousands of dollars trying to
get viable patent coverage. Even after patents are issued, there are
significant costs associated with maintenence and other fees in every country
where the patent has recognition. (In the case of Symetrix Corporation, with
over 150 issued patents, this also amounts to many thousands of dollars

every year.)

>1 |t should be noted that there are several vehicles for conferring intellectual property
rights, such as material transfer agreements, licenses, technology transfer agreements,
research agreements, joint development agreements, etc.[52].
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: JDP-IP Business Model

mrge Company
Clients . JDP Contract R&D Professional
(World Wide) (IP License) Small Company

S

[ R&D Company |

" LP. user - Share _
pays royalties to patent can ||c§nse non-
other party - exclusively to many

partners )

Figure 6-1. Joint development program with IP/Patent

protection.

6.2. The JDP patent protection model

Early in the development of Symetrix Corporation it became evident
that the multi-modal model (shown in Figure 5-2), with its technology
licensing features, could only work if Symetrix entered into joint
development programs (JDP’s) with other companies. This resulted in the
model shown in Figure 6-1 and ultimately in the sale of technology licenses
to a number of companies including Panasonic, Mitsubishi, Raytheon,

Primaxx, Kojundo and many others.
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The model is quite simple. Company X enters into a JDP with
company Y such that company X pays company Y to manage and originate
the joint R & D activities. The results of their joint efforts are patented
with both parties sharing the patent costs and both parties receiving patent
assignment. A non-exclusive license to patent use is granted to both parties
with royalties being paid by either product producing party to the other party.
Company X and company Y can both license (non-exclusively) to other
companies with the approval of their joint development partner. The model
works extremely well. Patent filing and maintenence costs are shared
equally by the JDP partners, effectively cutting the cost in half for each of

them.

Patent costs, of course, are only part of the problem. Once a patent is
issued there are no guarantees that someone, somewhere, will not commit
patent infringement, fraud or otherwise try to steal the intellectual property.
With globalization of the economy, policing and protecting intellectual
property has now moved from being a local concern to becoming a
complicated international legal involvement.®* Laws affecting intellectual
property not only vary from country to country, but the level of IP
protection varies considerably from country to country as well. In many
cases, it is unclear which courts have, or will have, jurisdiction over disputes
relating to intellectual property infringement violations.® In general,

however, such problems must ultimately be resolved in the country of

>2 International laws and legal jurisdiction concerns are likewise applicable to trade
secrets, copyrights, brands, designs and trademarks.

%% Some countries/cultures restrict or question private property versus public common
good and copying is still considered flattery in some areas of the world [52].
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infringement. For an (international) intellectual property lawsuit to succeed,
the defendant generally must reside in the country in which the lawsuit is
filed Clearly, prejudice and judgement enforcement issues are often

insurrmountable [52].

Our model doesn't necessarily solve such international IP conflicts; it
does, however, simplify patent enforcement problems by placing the
defendents and complainants in the same country under the same judicial
system. This is obvious by the fact that the international partners in the JDP
are not only owners but strong patent defenders in their own countries as

well.

There can be little doubt that globalization is out-pacing our capability
to manage and protect intellectual property. New markets are opening up in
countries that, until recently, had little regard for intellectual or private
property rights. In such countries, international trade and intellectual
property treaties are slow to take effect, yet the international exchange of

goods and services (especially via the internet) continues to accelerate.> >°

There are obviously no quick or easy answers to the problems
associated with intellectual property generation and protection, especially on

a global scale. The model presented in this chapter, however, may alleviate

> Product life cycles in many industries are shortening. The length of time and the
amount of investment required to obtain intellectual property rights (especially
patents) can be disproportionate to the life of the products [52].

> |t is interesting to note that some governments view WTO (World Trade Organization)
rules as a starting point for negotiations rather than a set of binding regulations [52].
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some of the more difficult problems facing start-ups, small businesses and
even large corporations as they attempt to deal across international borders.
It seems obvious that the recognition and rewards associated with ownership
of inventions and creative works should stimulate further inventive and
creative activities which, in turn, should stimulate economic growth for all

parties involved. Anything short of that must be considered unsatisfactory.
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Chapter 7

Evolution of the new corporation

7.1. The changing business environment

The Symetrix business model referenced above has been proven
successful. After nearly twenty years of operation, the company is debt free
and probably has sufficient reserves to continue pursuing new technology
and expanding its influence in the global marketplace. The problem,
however, is that no one can predict exactly what the future will bring, and
the rapidly changing global business environment could force our model into

obsolescence.”®®’

Peter Drucker stated in his book, Managing In The Next Society
(Drucker, page 3, reference [56]):

“It is something that practically no one foresaw or, indeed, even
talked about ten or fifteen years ago: e-commerce — that is, the

explosive emergence of the Internet as a major, perhaps eventually

*® It is commonly believed (U.S. folk-lore) that Yogi Berra once said, “The future ain’t
what it used to be!”

> Global business is defined by Griffin as, “A business that transcends national

boundaries and is not committed to a single home country.” (Ricky Griffin,
Management, page 133, reference [61].)

97



the major, worldwide distribution channel for goods, for services, and,

surprisingly, for managerial and professional jobs.”

From a business perspective, the mechanisms for inexpensive global
communication are already in place. Competition has now moved from
local influence to, in some cases, global jeopardy. Because of the computer,
the internet and extensive satellite communication systems, every business,
large or small, must now compete in the global market. As Moore states in

Crossing The Chasm (page 182, reference [45]:

"....As a future channel of distribution, the Internet
represents the most significant change in computing to
date, and maybe ever. It promises to reingineer all other
forms of commerce, not eliminating them, nor even
disintermediating them, but simply reconstructing them
to incorporate its phenomenal reach and service

capabilities...."

With continually improving air and surface transportaton systems,
larger cargotainer shipping facilities and global propagation of a few
common languages, new labor and material sources are becoming available
to nearly every business on the planet. In other words, the supply chain for
most businesses has changed, and is continuing to change on a regular

basis.® Many high cost local operations can now be shifted to specialized

%8 Armstrong and Kotler, in Marketing, An Introduction, differentiate marketing channels
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facilities (and experts) around the world. For instance, a specialized central
IC fab located in a low labor cost region of the world, can now service
several competing fabless semiconductor companies (located in other parts
of the world) such that everyone along the supply/value chain recognizes

profit.>®

7.2. Evolving business philosophy and
strategy

It seems obvious that traditional business philosophy will require
some modifications. Where traditionally, companies were inward-looking
for self optimization they now must become globally cognizant of supply
and value chain optimization. Corporate organization structures must change
from common independent stand-alone configurations, such as matrix,
horizontal, mixed or vertical, to interdependent entities cooperating closely
on a global scale. As Drucker stated in Management Challenges for the 21*

Century (page 61, reference [27]):

All institutions have to make global competitiveness a strategic

goal. No institution, whether a business, a university or a

from supply chain as “Marketing channels consist of distributors, retailers, and others
who connect the company to its buyers. The supply chain describes a longer channel,
stretching from raw materials to components to final products that are carried to final
buyers.” (Armstron and Kottler, page 22, reference [41].)

>% Variously defined, a value chain is a string of suppliers, companies or workers that
cooperate (work closely together) to satisfy market demands for a particular product.

99



hospital, can hope to survive, let alone to succeed, unless it
measures up to the standards set by the leaders in its field,

anyplace in the world."

Where traditional stand-alone companies shared minimal information
with other companies, they may now be forced to share extensive

information with all other parties on their supply and value chains.

Independent companies oriented toward specific commodities or
devices may now be forced to direct their efforts towards differentiated
products or systems that incorporate original devices into larger systems
more closely aligned with direct consumers. It seems obvious that single
component producers, especially if they are a relatively small company,
cannot survive if they do not integrate their work products with system
integrators. (Note the example of Symetrix Corporation working closely
with Panasonic Corporation to incorporate the ferroelectric memory into

smart card, identification, communication, and other systems.)

On the marketing front, the focus must shift from cost and price to
value and quality. (Remember that anyone in the world can now use the
internet to educate themselves and search for the best price and best quality
any where else in the world.) It is the author’s opinion that, in this new
global market, value and quality will ultimately win against cost and price
every time! In like manner, we easily see that suppliers will no longer be
able to simply push onto (force sale to) their customers whatever they have

available. Instead, the seller-buyer power relationship must now shift more
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closely to satisfy exactly what the customer needs or wants. As Moore said
in Crossing The Chasm (page 189, reference [45]):

..... All organizations are market-driven, whether they
acknowledge it or not. The chasm phenomenon-the
rapid acceleration in market development followed
by a dramatic lull, occurring whenever a
discontinuous innovation is introduced drives all
emerging high-tech enterprises to a point of crisis
where they must leave the relative safety of their
established early market and go out in search of a
new home in the mainstream. These forces are
inexorable-they will drive the company. The key
qguestion is whether the management can become
aware of the changes in time to leverage the

opportunities such awareness confers.

How all this affects business strategy seems quite obvious. The new
corporation must compete in new and evolving markets around the world.
Local markets may easily be over-run with foreign goods. Inernational laws
and treaties will continue to offer ineffective and insufficient defense
against global piracy and counterfeiting. Many companies will continue to
decentralize their operations, with production, marketing and R & D moving
to lower cost areas of the world. The internet will be utilized to satisfy most

communication needs and local operations will minimize labor, burden and
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overhead costs by reducing the number of employees and utilizing

specialized, experienced consultants and part-time workers.

In view of all this, the growth and evolution of the new world-
spanning corporation is obviously going to be dependent on many of the
factors above outlined. No longer can any company, including Symetrix,
continue to operate in the new globally competitive business environment,

with a philosophy that worked twenty, or even ten, years ago.
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7.3. Value building, exit strategies and

longer life spans

With a few variations caused by cultural or other biases, retirement
plans are becoming world pervasive, yet apparently increasingly ineffective.
Even in countries where families still take care of their elderly, such as in
Japan, Korea and China, increased life span considerations are driving every
worker to re-evaluate his/her own long term financial security. In the United
States, where social security has become a political issue, thousands of
young workers are being told that, even if they pay into the government
sponsored social security program for most of their lives, there will still be
insufficient funds available for them to retire with dignity. Is it possible that
there is really something wrong with the whole philosophy behind long term

security, value building and retirement?

It is commonly believed that, prior to entering into any kind of
business relationship, the inventor, innovator or entrepreneur should try to
plan ahead to maximize their own (personal) return on investiment (ROI). It
seems that the whole idea behind writing a business plan is to maximize the
corporate founders personal ROI as well as the investors. Unfortunately, it
seems that during the writing of a business plan, most people fail to address

the long term issues, such as corporate continuity and exit strategies.
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There are many ways that exit strategis have been, and might be,
defined. Logically, part of any definition, however, should probably start
with the simple premise that at some point in time, every business owner
leaves his/her business, voluntarily or otherwise. Some people, of course,
may be very reluctant to think about such things, but even those people want
to maximize their income to accomplish personal, financial, income, estate
planning and other objectives. Unfortunately, many business owners, even
those who are not afraid to die, become so busy worrying about, and
running, their business that they fail to take into account that one day they

will exit.

Every situation is as unique as the personality of each person, so each
situation must be addressed in a way that is taylored to the individual. The
result of such consideration, however, must arrive at the fact that everyone
becomes incapabale of, or disinterested in, working at some point in time. In
the end, every business, large or small, will probably change hands.
Ownership, and certainly management, will change either by IPO (Initial
Public Offering), sale, transfer to a family member or by merging with

another company.®

It appears that the most common exit strategy today may be the
acquisition of the start-up by a larger corporation. Michael Baird, in
Engineering your start-up (page 139, reference [60]) states:

..... More and more entrepreneurs are including a section in their

business plan that recommends a preferred exit strategy: for example,

% It should be noted that relatively few start-up companies ever make it to an 1PO.
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acquisition by a large company that is also a strategic partner. This is
a change from a few years earlier when few gave thought to whether
(and if so, how) the business would be sold. The reason for this new
awareness is probably that more start-up entrepreneurs see starting a

business as a means to an end, not an end in its own right...."

In his book, Managing In The Next Society, (page 249, reference [56]),

Drucker says:

Y In the past, employing organizations have outlived em-
ployees. In (the) future, employees, and especially knowledge
workers, will increasingly outlive even successful organizations.
Few businesses, or even government agencies or programs,
last for more than thirty years. Historically, the working life
span of most employees has been less than thirty years because
most manual workers simply wore out. But knowledge workers
who enter the labor force in their twenties are likely to be still in

good physical and mental shape fifty years later.

So it appears that, regardless of what is planned for exit strategy or
retirement, future knowledge workers, and that might include nearly every
person on the planet, will probably outlive their company and,
consequently, their retirement savings. The question then becomes, "why

should anyone bother with such plans in the first place?"

Drucker goes on to say (pages 249-250, reference [56]):
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"...Increasingly, employees take early retirement as soon as
their pension and social security rights are guaranteed for the
time when they reach traditional retirement age; but they
do not stop working. Instead, their "second career" often takes
an unconventional form. They may work freelance (and often
forget to tell the taxman about their work, thus boosting

their net income) or part-time or as "temporaries" or for

an outsourcing contractor or as contractors themselves.

Such "early retirement to keep on working" is particularly
common among knowledge workers, who are still a minority
among people now reaching fifty or fifty-five, but will become the
largest single group of older people in America from about
2030."

Who knows better about this than Peter Drucker. At the time of this
writing he is nearly 100 years old and still working every day. From the
author's perspective, value building and exit strategizing may become
obsolete philosophical discussions in the near future.”* Both concepts
appear to be contingent on short life spans, health problems and fear of
senility with old age. Perhaps future generations of knowledge workers will
consider work as essential, enjoyable and an integral part of their lives.
Then, perhaps people around the world and will stop thinking about
continuous saving, value building and retirement plans all together and

begin living every day as if it were their last.

%1 1t might be noted that the author is 69 years old as of this writing, and fully intends to
continue working until he expires.
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Chapter 8

Conclusions

Using the evolving FERAM as a case study, we have explored some
fundamental aspects of inventors, innovators, entrepreneurs, dreamers, etc.,
especially as they relate to the author. This study has also shown how a
company can be started with minimal physical assets and yet sustain
operations for nearly twenty years without the infusion of borrowed money
or venture capital. It is interesting to note that, even with the circumstances
of this particular case, including minimal funding, public disbelief,
antagonism of competitors, and many other problems, the technology still
evolved on a time scale exactly corresponding to that predicted by Simon
Sze [19].

Symetrix Corporation, the primary focus of this study, is still prosperous
after nearly twenty years of operation. The company has borrowed no
money, it escaped the venture capital dilution trap (a major concern of the
founders), and it remains completely free of debt. Following a recent buyout
of two major stockholders, the original partner/founders now own over 80%
of the company. R & D contracts continue to be a viable source of revenue

and the revenue from royalties is increasing every year.

The maturing rate for layered perovskite SBT FERAM devices during the

last few years has been astonishing. Symetrix’ main licensee, Panasonic,
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began shipping FeRAM based contactless identification (ID) cards in 1998.
In that year they shipped 12 million cards and in 2001 their sales grew to
150 million pieces (Figure 8-1). Panasonic has also been shipping mixed
signal FeERAM ASICS, at the 0.8/0.6 micron double level metal technology
level , at a rate of 2-3 million units per month for the last few years. Now it
is shipping 3 and 4 level metal 0.18 micron ferroelectric embedded mixed
signal microcontrollers at several million units per year. In May of 2005,
Matsushita/Panasonic announced that they had sold, to that date, 100 million
FeRAM chips!

Commercialization: Integrated Ferroelectrics
First Implementation of FeRAM in Contactless Card

Proeduction Amount: 12 million pcs. (1998)
150 million pes. (2001)
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Figure 8-1. Panasonic integrated ferroelectric contactless cards

(figure courtesy of Matsushita Corporation)
In the non-switching (non-memory) area, Panasonic has shipped over 600
million units of BST (high dielectric constant) GaAs MMICS since 1993.

This technology, which enabled the miniaturization of mobile phones in
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Japan, was co-developed by Symetrix Corporation and Matsushita during
the early 1990s. (For McMillan’s contribution to this effort, refer to his
1994 paper, Deposition of barium strontium titanate and strontium titanate

via liquid source chemical vapor deposition, in Appendix F.)

No one, of course, can really predict the future; however, it appears
that Matsushita's world FeERAM market forcast from a few years ago may be
accurate to a variance of less than three years (Figure 8-2). If this is, indeed
the case, then the FeRAM story could possibly go down in history as an

achievement in league with transistors and integrated circuits.
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Figure 8-2. The rapidly expanding market for ferroelectric devices

(figure courtesy of Matsushita Corporation)
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Reflecting back to McMillan’s dream of “cubic integration” in the early
1970s, it appears that his ideas are as valid today as they were thirty years
ago. The semiconductor industry is still chasing ever smaller feature sizes
and still trying to pack more and more components into smaller and smaller
spaces. Moore’s Law aside, it seems more relevant and logical today than
ever before, that the exceptional ideas of Edmond Abbott, who lived in the
1800s, long before integrated circuits were even thought of, should be
examined closely. It is easy to imagine Abbott's "Flatland" as the two
dimensional geometry of planar circuits and McMillan’s "cubic integration”
as the coming into awareness of three dimensional integrated device

structures [20].

In Chapter 1, the author stated that: "...He was unaware that some of his
efforts might possibly result in breakthroughs that would have significant
and positive effects on global society.".....and, that "This thesis represents
part of the author’s awakening to those possibilities and his struggle to

achieve that understanding...."

After thirty years of searching, the author now realizes that, in many
respects, this experience, this awakening, has become not only an education,
but something philosophical, perhaps even something spiritual, as well. In
the book, "The Mind of Management," by Masaharu Matsushita, Konosuke
Matsushita is quoted as saying (pages 20 -21, reference [ 62 ]):

"Even after returning home, | could not get the thought of
religion on the one hand and management on the other off

my mind. | stayed awake for a long time thinking about it.
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Religion was a holy pursuit aimed at guiding people out of
suffering and toward happiness and peace of mind. Our
business, too, is sacred, 1 thought, in the sense that
industry provides necessities that sustain and improve man's
existence. Indeed, the ultimate aim of production is to wipe
out poverty and create prosperity. There is an old saying in
Japanese that poverty is harder to bear than a thousand
illnesses. Eliminating poverty is a sacred task, the loftiest
purpose in life. To achieve it we must work hard and produce
a great abundance of goods; this is our mission and our
enterprise. Production aimed at enriching the life of every
person on earth is the sacred mission of a manufacturer. Not
only spiritual peace but material abundance is necessary if the
quality of human life is to be better and people are to be
happier. You may be spiritually enlightened, but if you are
deprived of certain material comforts you will find it hard to
survive. And of course, the greatest abundance of material
wealth is worthless unless you enjoy fulfillment and a
purpose in living. Spiritual peace and material abundance
are as inseparable as the two wheels of a cart. So, | realized,
management of a religious organization and of a business

concern are equally sacred and necessary pursuits."

To the mind of the author, Konosuke had put into words, what McMillan

had believed all along, but had been unable to express.
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It appears now that we have looked into the future and concluded that the

adventure is just beginning.
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APPENDICES

A. The First Ferroelectric Memory IC

McMiillan Disclosure to Motorola, February 7, 1976

* From:  1grry McMillan . Pate: 'Fcbruarr 7 jot 19;3“\\
Mai! Drop: —
Phone: .
To: Curt Foster ' Subject:  Ferroelectric Mcmory 1c
. ’ Processing Notes
Keith Bane . Technovation n ]LNOJ
Bob Jenkins )
George Averkiou
Bill Martino .
The attached notes briefly outline a processing sequence that
.. may be used to produce large array ferroelectric memory IC chip:

Other than the Technovation method for deposition of 'K KNO;

“the processing steps should not entail techniques foreign to

Matprola.

4

'The advantages of this type of memory are fairly obvious.

1. Very large array RAMS (64K and greater) should
be possible with this technology. The memory
function does not depend upon silicon so the
whole chip may be used for address and decoding
circuitry and the. memory cells placed on top of
the chip '

2. The memory is truly non volatile. 1t does not
depend on charge storage to function.

.3. Phase Three Potassium Nitrate is radintion hard
and has definite military significance. The limit:
factor is the silicon chip required for dccoding;

4, B'ing static, the decoding cimcuxtry should be.
quite simple.
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“*inter-office ¢b espondence <

-

Technovation continued._

I hdve also attached to this memo # set of miscellancous
Technovation notes for your pcrusal. '

S a5

. - Larry McMillan
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: FIGURE 1

1. S5tandard IC processing may be uwsed through first layer metal.
1f silicon gate technology is used the first layer interconnectier
may be poly rTuns.

2. Depgsit CVD glass and cut interconnect pad windows. VYacuum

Nitride may be used for this laycer if first layer interconnects
are poly.
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5. Deposit CVD insulating glass,.

€. Define and etch vias using standard photoresist techniques.
(Note figure 3.) ' .
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- Evaporate (or deposit) ferroelectric layer and top electrode
metal in one pumpdown. Note that phase three KNO, Teverts to
another phase and loses its ferroelectric prnpert:eq in the
pr:se1== of moisture,
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Pattern top electrodes and partially etch metal. (If top metal.
is 20KR etch 10KR only.)

Back sputter to clear metal pattern and remove ferroelectric
material from undesired areas. . (Sce fipure 5.)
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4

]

Pattern and etch top electrode contact nrcas.[ind bonding pads)

using standard photoresist techniques,

Note ‘the overlap of the

top glass cut on the top electrode to provide proper contact
between the top electrode and the IC chip address circuitry.

-
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B. McMillan’s Patents
Primary Author Patents

P1)

P2)

P3)

P4)

P5)

P6)

P7)

Pg)

P9)

P10)

P11)

6,404,003, USA, Thin Film Capacitors On Silicon Germanium
Substrate, 6/11/2002

NI 149 411, Taiwan ROC, Thin Film Capacitors On Silicon
Germanium Substrate And Process For Making The Same,
5/17/2002

327 839, South Korea, Method and Apparatus for Fabricating
Silicon Dioxide and Silicon Glass Layers in Integrated Circuits,
2/26/2002

327,612, South Korea, Method and Apparatus for Misted Liquid
Source Deposition of Thin Films with Increased Yield, 2/23/2002

6,203,619, USA, Multiple Station Apparatus for Liquid Source
Fabrication of Thin Films, 3/20/2001

56717, Singapore, Method and Apparatus for Fabricating Silicon
Dioxide and Silicon Glass Layers in Integrated Circuits, 5/23/2000

5,943,111, USA, Layered Superlattice Ferroelectric Liquid Crystal
Display, 8/24/1999

NI 102 545, Taiwan ROC, Method and Apparatus for Fabricating
Silicon Dioxide and Silicon Glass Layers in Integrated Circuits,
8/19/1999

5,932,295, USA, Method and Apparatus for Misted Liquid Source
Deposition of Thin Films with Increased Yield, 8/3/1999

5,888,583, USA, Misted Deposition Method of Fabricating
Integrated Circuits, 3/30/1999

5,759,923, USA, Method and Apparatus for Fabricating Silicon
Dioxide and Silicon Glass Layers in Integrated Circuits, 6/2/1998
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P12)

P13)

P14)

P15)

P16)

P17)

P18)

P19)

P20)

P21)

P22)

5,688,565, USA, Misted Deposition Method Of Fabricating
Layered Superlattice Materials, 11/18/1997

5,614,252, USA, Method of Fabricating Barium Strontium
Titanate, 3/25/1997

5,559,733, USA, Memory with Ferroelectric Capacitor
Connectable to Transistor Gate, 9/24/1996

5,540,772, USA, Misted Deposition Apparatus For Fabricating an
Integrated Circuit, 7/30/1996

5,523,964, USA, Ferroelectric Non-Volatile Memory Unit,
6/4/1996

5,463,244, USA, Anti-Fuse Programmable Element Using
Ferroelectric Material, 10/31/1995

5,444,290, USA, Method And Apparatus For Programming Anti-
Fuse Elements Using Combined AC And DC Electric Fields,
8/22/1995

5,316,579, USA, Apparatus for Forming a Thin Film with Mist
Forming Means, 5/31/1994

5,119,760, USA, Methods and Apparatus for Material Deposition,
6/9/1992

4,713,157, USA, Combined Integrated Circuit/Ferroelectric
Memory Device, and lon Beam Methods of Constructing Same,
12/15/1987

3,986,897, USA, Aluminum Treatment to Prevent Hillocking,
10/19/1976

Co-Author Patents

P23)

0 665 981, France, Process for Fabricating Layered Superlattice
Materials and Making Electronic Devices Including Same
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P24)

P25)

P26)

P27)

P28)

P29)

P30)

P31)

P32)

P33)

P34)

P35)

P36)

6,864,146, USA, Metal Oxide Integrated Circuit On Silicon
Germanium Substrate, 3/8/2005

6,830,623, USA, Method Of Liquid Deposition By Selection Of
Liquid Viscosity And Other Precursor Properties, 12/14/2004

6,831,313, USA, Ferroelectric Composite Material, Method Of
Making Same, And Memory Utilizing Same, 12/14/2004

6,815,223, USA, Low Thermal Budget Fabrication of
Ferroelectric Memory Using RTP, 11/9/2004

100 98 82, Hong Kong, Integrated Circuits Having Mixed
Layered Superlattice Materials and Precursor Solutions For Use
In A Process of Making The Same, 8/27/2004

6,781,184, USA, Barrier Layers for Protecting Metal Oxides From
Hydrogen Degradation, 8/24/2004

696 29 361, Germany, Integrated Circuits Having Mixed Layered
Superlattice Materials and Precursor Solutions For Use In A
Process of Making The Same, 6/24/2004

6,743,643, USA, Stacked Memory kILCell Having Diffusion
Barriers, 6/1/2004

NI 194 382, Taiwan ROC, Ferroelectric Composite Material,
Method Of Making Same, And Memory Utilizing Same, 5/5/2004

6,686,489, USA, Metal Organic Precursors For Transparent
Metal Oxide Thin Films And Method Of Making Same, 2/3/2004

96 192 642.2, China, Integrated Circuits Having Mixed Layered
Superlattice Materials and Precursor Solutions For Use In A
Process Of Making The Same, 11/12/2003

6,639,262, USA, Metal Oxide Integrated Circuit On Silicon
Germanium Substrate, 10/28/2003

462 852, Japan, Low Temperatrue Method And Apparatus For
Fabrication Of Integrated Circuit Thin Films By Chemical Vapor
Deposition, 8/15/2003
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P37)

P38)

P39)

P40)

P41)

P42)

P43)

P44)

P45)

P46)

P47)

P48)

EP 0 815 586, Europe, Integrated Circuits Having Mixed Layered
Superlattice Materials And Precursor Solutions For Use In A
Process Of Making The Same, 8/6/2003

0 815 586, Germany, Integrated Circuits Having Mixed Layered
Superlattice Materials And Precursor Solutions For Use In A
Process Of Making The Same, 8/6/2003

0 815 586, France, Integrated Circuits Having Mixed Layered
Superlattice Materials And Precursor Solutions For Use In A
Process Of Making The Same, 8/6/2003

392 213, South Korea, Layered Superlattice Materials For
Ferroelectric High Dieletric Constant & Integrated Circuit
Applications, 7/8/2003

6,582,972, USA, Low Temperature Oxidizing Method Of Making A
Layered Superlattice Material, 6/24/2003

3439 222, Japan, Low Imprint Ferroelectric Material for Long
Retention Memory and Method of Making the Same, 6/13/2003

6,559,469, USA, Ferroelectric And High Dielectric Constant
Transistors, 5/6/2003

EP 0 894 155, European, Composition and Process For
Fabricating Metal Oxide Films, 4/16/2003

6,537,830, USA, Method Of Making Ferroelectric FET With
Polycyrstalline Crystallographically Oriented Ferroelectric
Material, 3/25/2003

6,511,718, USA, Method And Apparatus For Fabrication Of Thin
Films by Chemical Vapor Depositon, 1/28/2003

6,448,190, USA, Method And Pparatus For Fabrication Of
Integrated Circuit By Selective Deposition Of Precursor Liquid,
9/10/2002

6,441,414, USA, Ferroelectric Field Effect Transistor, Memory
Utilizing Same, And Memory Of Operating Same, 8/27/2002
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P49)

P50)

P51)

P52)

P53)

P54)

P55)

P56)

P57)

P58)

P59)

P60)

P61)

P62)

6,437,380, USA, Ferroelectric Device with Bismuth Tantalate
Capping Layer And Method Of Making Same, 8/20/2002

NI 154 419, Taiwan ROC, Apparatus For Fabricating An
Integrated Circuit (1), 8/16/2002

693 31 743.4-08, Germany, Process for Fabricating Layered
Superlattice Materials and Making Electronic Devices Including
Same, 8/8/2002

345 892, South Korea, Non-Volatile Memory, 7/11/2002

6,413,883, USA, Methof Of Liquid Depositioin By Selection Of
Liquid Viscosity And Other Precursor Properties, 7/2/2002

6,383,555 B1, USA, Misted Precursor Deposition Apparaatus And
Method With Improved Mist And Mist Flow, 5/7/2002

692 31 889, Germany, Process For Fabricating Layered
Superlattice Materials, 4/25/2002

6,376,691, USA, Metal Organic Precursors For Transparent
Metal Oxide Thin Films And Method Of Making Same, 4/23/2002

6,373,743, USA, Ferroelectric Memeory And Method Of
Operating Same, 4/16/2002

6,370,056, USA, Ferroelectric Memory And Method Of Operating
Same, 4/9/2002

6,365,927, USA, Ferroelectric IntegratedCircuit Having
Hydrogen Garrier Layer, 4/2/2002
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153 GV Techniques for 4
1 Process Control .

. Larry McMiilan
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®)

During IC walar procaiting a wits renme of verinbies produes 2 snocilic fesireg yro of
watnr, Ofon coniaominaals lmak kedo, of are veknowingly introduced bric, the frnceasicy
procadure. Tha eliset of theso contrmbnanis cen readily be sesn on & crarcilznoeemitige
(oA plal mich 2t is used I MO8 waler processkay tocay. Vowever, Cosmmonmg wh-t
caised tha rusillant werisiion in the C-V piot has bean & problen Lhel nes pagoe ke
provess eraineer, An cquation of the G plol can be fonmulzted (hat Inciuvdes the moelis
phynical parameter varclses invodwed. This numerical model. which inclhodes Femsi enasgy
level, hiofs concondndisns, ele, can Be goived vis the itcrallee methed on & camputer.
The resulls cin ba jcinled out @s Individual GV grapha for each set of Initial coumilan
parsmetars, Thass computor penersted theorstical curves can then ba maiched egalmst
wctunl proces G-V plots bo detesmine the nalure of

NUMBER OF IKYESTIOATORS'* have shown that

-

.A. contaminated oxides fender both MOS and bipolar
cevizes unstable, Accumulated positive charges (sodium
ions) In the oxids over p-type regions will incuce
a8 fncreased comcentration of electrons in the silicon
wnderpeath, mulun;mldmtminﬂmmt:hmu
acecpior concenirztion i the surface region. In the
exioeme case, il suficient poshive fons have piled Lp 10
induca mosc nepative charges in the underlying silicon
than the original number of acceplor atoms in that
region, then an n-typs inversion layer is formed. (Metz*
has ezfruleted that one thowsandth of & monolayer of
iomie contaminants can invert & high resistivity region. )
Meputive jons over n-type regions may induce positive
cherpes in the underlying region in a similar manner;
however, it s not cerain that negative bons are as mobile
&5 positive fons in Sid, =4
Metr* has shown that mobile jons in the oxide mi-
yrate to the Si-5i0; interface under the infuence of
teperaiure and the presence of the fringing field of a
reverse based junction (Fig. 1). Of cournse, metal runs
12l are mone positive in potential than the silicon under-
nexth also set up feids in the oxide that can drive
pastiive fons o the 5i-5i0, interface at ehevated tempera-

Jures, {Even under pormal operating conditions the
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Si-5i0, interface temperature over 3 reverse biased jinc-
uonm:ybc]ugh ernough for Mmmlmumhmn!b‘l-c
in that region.?)

These surface charges aflect bow current beta, surfsce
recombination velocities, leakape currents and h cak
~down voltages.™* Long term drift problems and

VAR FIELE
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and field
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Fig. I—Mobile jony wnder the influence of a
reverse bias fringing field®



fwrep are ofien the alicer retule of oonbaainnded
. 5

“'n. soufecs of conlaminstion sre many and varied.
©r s cmated furnsce 1ubes and metal systems, inefioctive
cheaning systems, and even the workers theaselves are
oll patentizl sourees of contamination. Detection of these
sources is nod always easy. However, one toal that lends
itzell remdily to the task s the simple MOS capacitor.
This report shows how MOS capacitors and 2 numerical
model of their capacitance-voltape (C-V) plot can be
vsed for process control. Included is elementary theory
necessary o understand and interpre! capacitance versus
voltage (C-F) plots,

Cxpeerimantal Procedurs

Cenlral to the C-V process control idea is the fact that
the capacitance versus wollape (C-3) piols of MOS
capacitors are sensitive indicators of contaminants and
cliarpes in MOS pate oxides and st 5i-5i0, interfaces.
Since simple MOS capacitors, such as shown in Fig. 2,
can be easily manufactured in most IC processing areas,
& convenienl and reliable tool is readily availabic for
process control. A typical processing soquence might be
as follows:

1. Walers with the desired erystal oricntation, dopant
and resistivity are sslectied depending upan the naure
of the experiment.

2, Tne walers are cheaned with either a standand pre-
diffusion clean or a specially devised experimentel
clean,

3, 50 is grown on the walers in the furnace being
evaluated of In & standardized clean furnace.

4. “The walers are given a pre-metal clean if the period
of time between oxide growth and metal evaparation
i mose than a few hours.

5. Aluminum s cvaporated through a metal mask 1o
climinate the metal phoioresist slep as a possible
source of contamination.

6, C-V plots are pencrated from the resulting MOS
capaciiors, A block diapram of the apparatus
to penerate O3 plots ks shown in Fig. A

Variations in the process at any step in the sequence
wili La reflected in the C-F resuls, For example, if one
wanied to evaluate the effects of a new pre-diffusion
cleaning process, some walers could be processed through
the new cleaning cycle holding all other processing sieps
conslant. The C-F plots of the MOS capacitors on the
new walers using the new step can then be compared
with the C-F plots of MOS capacitors manufactured
using 3 standard process cycle. A significant difierence
in the shape, and/or offset voltage, between the curves
of the two processes may indicale that oxide charges or
conidninalion have been introduced by the new cycle

A C-V plot done at room temperature generally yields
very litle information about the type or quantity of
charge involved. Tt is a common practice, thercfore, to
usge some form of thermal bias stressing 1o separale the
various types of oxide charge. Figure 4 indicates how
thiz may be accomplished, Ry measuring the resulting
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i oalig e Vildla @ Luds, (uswally a1 Eatoand where
2 energy boses iz the silicon are flat ol 1o the sur-
fe<) wr can derive tie amounts of varsous mobile and
imimobile charges in the omide with the formula:

dvmunust of charge

Madisgn whifi at Bashand » mas eap,
q

where g = charge os one electron,

Beypnd @ few basic observations, however, the com-
pleic analysis of C-¥ curves s wsually complicated by
anomalics in the curve shapes. In most cases, it i much
more meaningful, and certainly easier, to compare the
experimental results 1o 2 set of theoretical curves derived
from manipulation of 3 mathematical model.

Mathzmatical Model,
Angiyls of CV Plat

The pate capacitance wesus gote voltage curves for &
rtype MOS capaciier may be broken up inlo three
regians at showa in Fig 5. For a negative gate veltage,
majority carriers are indueed ot the $i-5iC) inersce
50 that the eapacitance measured in region 1 s essen-
tially that of the oxide layer. {Refer 10 Fig. 7 for wypical
energy band configuration.)

As the gate voltage is increased, o point is reached
(point “a" of Figure 5) where the surface potential ¢,
equals zero, and the energy bands are flat out to the
surface of the semicceductor, A depletion layer begins
te form in the semiconductor when ¢, > 0. The capadi-
tapce measured in region [ decreases with the series
cembination of the capacitance of the oxide (C,) and
the capacitance of the substrate (C,). (Poims “a* and
“b", Fi. 5.) ]

Funher increass in gale voltape widens the space
charge layer until, finally, an inversion-layer consisting
of minority earriers {eleftrons) bepins 1o form at the
sufece of the semicondocior. This point is called the
threshald woliage Wy (paint “b" of Fig. 5). Sull further
Liesense in positive biss will pow increase the num
b chezoons in the inversion layer but will not appre
ciabiy zloct the width of the space churgs region pro-
vided the bias ix chanped slowly.!

If & very large positive bias is applied rapidly at a
high frequency (or pulsed), the space charge region will
at first become very wide and device capacitance € will
approach zeco (“b™ and "™ In Fig. 5). As minerity car-
riers are generated and the surface eomes to equilibrium
with the bulk, the space charge will return 1o ity maxi-
~mum equilibrium width. A surface channel or inversion
luyer will then form and the capacitance will approach
that of the oxide alone (Fig. 5, poimt “d").

The numerical model described here assumes a low
frequency, or de biss (See Fig 6). Therefore, the re-
sultant curves will resemble the curve from points “a™
through “d™ in Fig. 5.

Tihe following caleulstions assume a p-lype substrate,

- thaugh little modification i necessary for n-aype mate-
ricl 1n analyzing the MOS structure, a one dimensional
sitaation has been nssumed. That is, the strueture is con-

Fig. J—Gare Capocitance vi. Gote Volioge
cirves for @ ptype MOS copacitor.
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the capocitonce-voltage charocieristics of an
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Fig. 7—Typical energy band configuration for
& petype Mﬂ.i:’ capaciior.

sidered as a semi-infinite block with all Relds direcsed
normal o the interfaces. It has also been atsumed that
the work function differences across the oxide are neg-
ligible. A typical encrgy band configuration is given in
Fig. 7.

Basic to the analysis of MOS structures is a consid-
cration of the surface potential at the Si-5i0, interface.
This potential ean be found as a function of gate voltuge
by considering the energy band confizuration. Once the
surface potential has been determined, it can then be
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s b wm] SUdARET Yersil vollaey with
Lot i Arisce slatcs and charges in the oxide.
.-..:..-nmg thut a single expresséon for the field in the
semiconductor applies for all oxide and interface situa-
tizns, the charpe density, p, in the semiconductor may
b expressed as:
p=glp=mn= N+ Ng)
g = charge in coulombs
b = hole concentration
n = glectron concentration
Ny = accepter concentration
Np= donor concentration
For the nondcgencrate case:
P o= ng VB = EWET o gy, gl KT
n o=, .ll"— EAiRT o ul f""”

n
where

where  Ep = Fermi enerpry level
E; = Intrinsiz Fermi energy bevel.
Upon substitutiag the abowe into Polsson’s eguation
and performing uhe integration, we obtain Eq. (2) below,
Where E,, >0forg, < s

E. < 0 for ¢, > o

¥, = surfuce clectrostatic patential

¥2 = semiconductor potential

The oxide layer capacitance per unit area is given by:
)
C. 4 (3

where = permitivity of Si0,
d = thickness of 50y

il the semicanductor d:plﬂhn-hyn capacitance s
given by:

| :
Sl 0

where (), is the net charge per unlt arca In the semi-
canductor,

-

e deverme U5 o B o ol g, we Teag estabide « g,

Q= f. pix) i =

e
L dvfdx
Substituting Eqs. (1) and {2} into (5) and integratine:,
we obtain Eq. (6] below,
where Qi < 0 Jor o, > ¥

Qu>0forg <én
Differentiating Eq. (6} with respect to ¢, gives us Eg.
(7) below.

The total low frequency capacitance s the serics com-
bination of C, md C,:

Cm

15

C.C,
C+0G

C, = oxide capacitanoe
C, = silicon surface space charge capacitance

I arder ta oblain an expresslon for the surface poten-
vial % a function of gote voluage we must consider the
ficld in the oxide, and thén march the fiebds at the inter-
face. In this way, bath surface states and charge in the
oxide will be taken into acoount,

For purpases of analysis let us consider a single level
of donor type surface states at the 5i-540) interface.
These states are neutral when occupied and have a
positive charge when not, Their position relative o
encrgy band midgap is denoted by ¢, and their densicy
by M. The surface state charge per unit area is Lthen
given by:

&)

where

1

Q= qM., I 4 ¢ ¥ fis # 0V ET

which s just q times the density of w.oocupicd states,

Any number of oxide charge distributions may be
considered; however as an example, we will consider
hese only a positive oxide charge with its demsity &
linear funcrion of x &8 shown in Fig. 8.

]

R
E.-#[?“T'“(m%-mﬁ_)ﬂ—‘lgim-m]‘ @
E. = —% (clectrotatic feld at the surface ofthe semiconductor)
Qe = ila...[:n.xr(m%-m%)ﬂn. w.-m]l' )
glihh i:') + g
M

C"'iﬂ_l [ux‘r mt

— con 1) . 20 fiu—#ﬂ]
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L her,

N 2) a ‘_H: id — xhip = gN (x) (o)
Thereis

dé e g M

dxt s tart! k] P

The boundary conditions NEcEssary are:

.4 I
dx i
iz m O} - g,

dig=d) = ¢ (x=d) b dn = Vo + u
where ¢ = clectrostatic potential relative 1o the in-
trinsic Fermi level in the bulk.

This latter condition follows from the fact that there
can be no change in potential across the external loop
except the potential applied 1o the gate; therefore,
#lemd) = Ve Integraving cquotion (11) twice and
evaluating the integration constants from the boundary
conditions, we obtain Eq. {12) below,

In Eqs. (2}, (%) and (12), we now have expressions for
fields on bath sides of the Si-500 interface o5 well as for
charge at the interface, These may be reloted as:

o Euy — i B, = (1 (13}
With a little juggling this equaticn becomes Eq, (14)
below where, on the right side of Eq. (14), the positive
sign applies for ¢, > s, the negative for ¢, < .

Selution of Model Cquation
Mote in Eq. (14) that '?" = C., the capacitance per

unit area of the oxide layer, Thus the first ferm on the
left of the equation is just the charye stored on the gate
elecirode, since the net potential drop across the oxide
is given by: S
¥lxmd) = p{xml) = Vg = ¢, b n

In faet, this term i always prescnt, independent of
oxide charge or surfhce smates. The second ferm on
left of Eq. (14) results from the charge distribution in
the oxide and Bepends un bath the magnitsde and shape
of this charge distribution, The third term represents the
effect of the surface states. There will be one such term
corresponding te cach surface state level, at a position
$ues With density N, Equation {14) Is not easily solved
for . in closed form, but it can be handled iteratively

L

R

.
.
g
®
-

N

Ty iy

_
P
*
.

Fig. 8—dA poitive oxide charpe with ity demniry
a firear fusction of £

B LT T

by computer. The total capacitance as a funetion of By using one of many computer function plotting pio-
grams now widely' aveilable, an entire catalog of theo-

gate voltage easily follows from Eqs. (7) and (8).

B e (Yot gN, .
B d.:l,_. 0 ( d +l!5.'..‘:' oy
S N.d 1
(Ve 1P.+h}l+!3—-+q~.|—'m:—r-'—
e '
-:t[i ..‘[ln‘KT(mh K%—m%‘)ﬂm (-}.-—-M]I - {1
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retical C-F curves can be generated. Examples of plots,
sacwing the cfiects of changing some of the variables,
are gven in Fig. 9

interpeelation of a now process C-F plot pow becomes
~mply & maiter of maiching experimenial curves with
ez of the computer generated theorelical curves.

Surnmary and Conclusions

This report has prescaled o simple method of using
MOS C-V iechniques for process control. Sufficient
theory has been developed 10 gencrate theoretical low-
frequency C-F curves for comparivon with experimenial
resulis, It seems evident that this is a powerful toal for

List of Symbels Ueed

o Electrodtatic potential relative to the Fermi level in the bulk
of the semiconductor

#n  # in the sembconductor (¥ = dp a3 X= = =}

g dar =0

Va  Potential drop across the oxide kayer

. Surlsce state chargefunit surfsce area

E; Intrinsic Fermi lewel energy

NeErgy

Elecostatic potential relative to the Intrinsle Fermi level
i the bull

Heale concentration in the semionductor

Elpetron concentsation in the semiconductor

,.”m,
|
£

evaluating the influence-of process parametcrs on he
properties of 5i0; films and 550y interfaces, and that it
could be used more extensively in waler procossing arvis.,
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DEPOSITION OF BARIUM STRONTIUM TITANATE
AND STRONTIUM TITANATE VIA LIQUID SOURCE
CHEMICAL VAPOR DEPOSITION

LARRY D. McMILLAN
Symerrix Corporation, Colorada Springs, Colorado
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Liguid Sowrce Chemical Vapor Depesition (LSCVD) invelves the use of sub-siturmted acrosoks of
speviully designed metallorganic precursars suitable Tor mullicomponent oxkle diepumsition in wicusm al
room temperature, Muterabs of interest for ULSI DRAMs, such as Ba,, _ . Sr,Ti0, and SrTi0, show
uniform deposition with microstructunes optimized for step-coveruge wmal small copacitor geomelres.
Eleetrical charucteristics indicate cupacitanee densitics of ground 25-30 [Fluny and leakages in the
order of 10-* Afum?. A review of these results and the LSCVD technigue will be presented.

Keywords: 3 2
BST, cvDp, MmisT

INTRODUCTION

It is generally acknowledged that future ULST DRAMS will require charge storage
densities far beyond what can presently be achieved with conventional silicon
dioxide (or silicon nitride) dielectrics. We easily see from Figure 1 that the inte-
grated circuit industry must move to new high dielectric constant materials if such
devices are 1o be built within reasonable design, process and economic constraints
in the near future.

There appeurs, however, to be a general reluctance in the IC industry to move
away from the well understood and well charucterized silicon dioxide (or silicon
nitride) dielectric system. Choosing the right material for ULSI DRAMS is not an

DRAM EH.?MI‘DR. MATERIALS
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FIGURE | DRAM capacitor materiakb.
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loco
Ground Powders
500 Pellets: 2 mm thick
Fired ac 1380° C.
tooo Frequency: I?J-Ia.-:
Heas. Tamp: 255 C.
1500

ga“,ms £ xTi0y
1000

500

QIELECTRIC CONSTam

FIGURE 2 Barium strontium titanate: diclectric constant as a function of stoichiometry {Reference
1.

casy task. Many of the new (proposed) high dielectric constant materials have very
complex, multi-component structures that are difficult to synthesize and contain
elements that are normally considered to be conlaminates or hazardous in a pro-
cessing aren. Some of the well known high dielectric constant materials (such as
lead zirconate titanate) exhibit ferroelectric properties such that the diclectric con-
stant decreases significantly at high frequencies. In general, most of these new
materials are difficult to produce consistently with existing thin film deposition
equipment.

As indicoted in Figure 1, it appears that barium strontium titanate andfor stron-
tium titanate could easily satisfy the requirements for the next generation of ULSL
DRAMS. Rather high diclectric constant values have been reported for these
materials in hot pressed ceramic form (refer to Figure 2), and several companies
have already begen evaluation of various thin-film deposition techniques for pro-
totype production.’ = In the following, we report the results of our efforts to deposit
thin-films of these materials using Liguid Source CVD.

LIQUID SOURCE CVD

In 1991 we demonstrated the use of a deposition machine that injected liquid sol-
ge! material into a vacuum chamber ur room temperature for the production of
high quality lead zirconite titanate (PZT) thin films,* This year we have modified
the machine to produce high dielectric constant strontium titanate and barium
strontium fitanate films of sufficient quality for DRAM (planar capacitor) appli-
caitons,

The Symetrix Liguid Source CVD (LSCVD) machine is designed around the
concept of introducing stoichiometrically correct compound liquid sources into a

EPS #1098 Paper Ref. No. PR-02
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VACUUM
SYSTEM

FIGURE 3 Symetrix LSCVD Machine as presently configunsd,

= Ultrasonic Source Temperamure ('C.5:

AT-50

* Base Pressure Prior 1o Deposition: | 1x107°T.
* Base Pressura During Depasition [mm Hg* L 500-600
* Substrate/NVacuwm Chamber Temperatuse

During Deposition: RT
* Depasition Rate (Angstroms/Minj: 35-100
* Post Processing Prossure [mm Hg*: 200400

= Following vacuum deposition, all ims are lumace annaalad in oxygen
at wemperatures betwean 550-850 C.

*Atmospheric Pressure: 760 mm Hy
FIGURE 4 Typicsl processing parameters (or strontlam titunate and bar ism tEnate.

vacuum chamber to form thin films at room temperature. The original machine
has evolved through actual practice to that shown in Figure 3. As generally con-
figured, an ultrasonic transducer is used to drive sol-gel, MOD andior other so-
lutions into a “mist,” which is then injected, along with an inert carrier gas, into
a vacuum chamber. Inside the vacuum chamber the mist is distributed evenly over
4 rotuting substrate, Additional operating details muy be found in Reference 4.

In order to deposit strontium titanute and barium strontium titanate with this
muaching, we found that it was necessary to modify the deposition chambor such
that the mist was forced 1o settle more efficiently onto the substrare.® These mod-
ifications ultimately resulted in uniform films (5-10% thickness variability across
a 4" wafer) using the operating conditions shown in Figure 4.

EXPERIMENTAL RESULTS

Figure 5 shows the results of depositing a 140 nm film of barium strontium titanate
by LSCVD over a 220 nm metal step. It shouli be noted that such depositions are

EPS #1098 Paper Ref. No. PR-02
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140 nm (LSCVD) Ba  Sr ,TiO, deposited over 220 am Pt
FIGURE 5 Step coverage of LSCVD deposited bariwm strontium titanate.
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constant quite high, X

conformal over the top of the step and tend to fill in the solid angle at the bottom
of the step. These results are preliminary and further work with Matsushita Elec-
tronics Corporation hos shown that LSCVD films are superior 1o spin-on films.”

Approximately 100 wafers with barium strontium titanate integrated capacitors
were built with liquid sources to compare the results of spin-coating vs. LSCVD
deposition. (All electrodes were sputtered platinum. ) Figure 6 shows the resulting
dielectric constants achieved as a function of Bay, _,,8r, TiO, stoichiometry. In all
cases, the films deposited by LSCVD exhibited slightly higher dielectric constants
than those deposited by spin-coating.

Figures 7 and 8 show typical leakage currents achieved with LSCVD deposited
films of strontium titanate and barium trontium titanate, At this time, detniled
comparisons are being made between LSCVD and spin-on films. Preliminary resulis
are very favorable for the LSCVD films and further details will be published in
the near future.
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FIGURE 8 Typical leakage current vz, voliage fiw LSCVD deposited barium strontium fitanate,
CONCLUSIONS

We have shown that very good strontium titanate and barium strontium fitanate
films can be deposited via LSCVD. This paper has been a preliminary report on
results abtained by LSCVD. A much more detailed analysis is forthcoming, We
have now achieved sufficient success with this method of deposition for complex
films on four inch wafers to warrant construction of a new LSCVD machine for
six inch wafers. This new (six inch) machine has been built and is currently used
for prototype production of integrated circuits requiring ferroelectric and high
diglectric constant films.
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