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By
Todd A. Cleland
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the Requirements for the Degree of Master of Science in Management of Technology

ABSTRACT

Inkjet printing has proven to be a remarkable disruptive technology. From its humble
beginnings in 1984 it has grown to become the dominant technology for personal computer-based
printing. However, after almost two decades of strong growth, the inkjet printing market is
maturing. Companies large and small are now beginning to explore use of inkjet in a diverse
range of new applications ranging from manufacture of next generation flat panel displays and
low cost circuits to generation of biochips and fast-prototyping of 3-D objects. These new
applications present existing inkjet players with exciting opportunities to leverage their
knowledge and asscts to exploit these new markets.

This thesis explores the opportunities for inkjet technology in two emerging industries: 1)
next-gencration flat panel displays based on organic light-emitting diodes and 2) low cost,
disposable circuits required for products such as radio-frequency identification tags and smart
cards. These are likely to be the two biggest opportunities for non-traditional applications of
inkjet technology. In both cases, inkjet provides a flexible, low cost manufacturing method that is
a very compelling alternative to the expensive wafer fab processing required to produce today’s
flat panel displays and circuits. Each of these industries is analyzed in considerable depth to
provide context for assessing the disruptive potential of inkjet. The potential of inkjet to become
an important enabling technology is then analyzed using ideas and frameworks from the
management of technology literature.

Both organic LED displays and low cost circuits appear likely to become disruptive
technologies. The best early opportunity for non-traditional application of inkjet technology
appears to be in display manufacturing. Here the technology fit with inkjet capabilities is good
and the strength of competing manufacturing technologies is relatively weak. Establishment of
inkjet as an important production method for low cost circuits appears more challenging. The
technology fit is not as good and competing low-cost technologics are further along in their
development. It is recommended that existing inkjet players first address the display opportunity
to gain experience with transitioning inkjet from a consumer printing technology to one well-
suited to high-volume electronics manufacturing. Once this capability has been demonstrated the
bigger challenges in circuit manufacturing can be addressed.
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Title: Senior Lecturer, Sloan School of Management

Thesis Reader: Joseph M. Jacobson
Title: Associate Professor, MIT Media Lab

p-30f178



ACKNOWLEDGMENTS

I would like to thank my wife Katherine and daughters Valerie and Stephanie for
their love and support during our one year adventure to MIT and the Boston area. They
put up with this one year disruption to their lives with patience and aplomb. I hope all the
studying I did while I was here set a good example for the girls !

I am grateful to Professor Weil for his role as my thesis supervisor. Qur regular
discussions and his thoughtful feedback on my work contributed to my learning and to a
better end product. I would also like to thank my thesis reader Professor Joseph Jacobson
as well as Jim Stasiak at Hewlett-Packard for valuable technical discussions and for
reviewing my work.

Finally I would like to express my appreciation to Hewlett-Packard for sponsoring

me to attend the MOT program. In particular I would like to thank Joe Dody and Kathy
Miller for their support and encouragement.

p.4 of 178



Table of Contents

Chapter 1 —Introduction........................................eee. 6

Chapter 2 — Management Literature Review............................ooo. 22
Chapter 3 — Inkjef Opportunities in the Flat Panel Display Industry............. 66
Chapter 4 - Inkjet Opportunities in the Low Cost Electronics Industry........ 124
Chapter 5 - Summary & Conclusions.................o.oooovi i 166

p.50f178



Chapter 1

Introduction

*

Table of Contents

L IRKGEt HISIOTY..uvnnnneeonrivsinseneniirieseinsninsesisessttncsssssontssssessssessssssssssssssessssstssssssasonsssaaes 7
2. Inkjet DISPUPLON .........uneeeriricaevinerivinsenasisisessssssssaceessssssssssassassnes erssasissrnesssasessnisosss 9
3. The Future of INKjet...............ucvviivainseinsiinsncisnsssuinsenisinincssiossisseessssssesssessssssssssssssnsos 14
4. TRESIS OFGANIZALION .....cn.nannnenvcorvivsninseisiiisinnsessssassrsssssssssssssssnssassssssssosassssssssssarns 15
5. Inkjet Technical BAckGrOURd...................o..ecvcuooneoeiiraneevsnrisssissssssssssssssssscnessssssnes 17
0. REFCFOHCES ....oneneevvirirreneireiisiisiinssisssestccanrssssesssssss st ssssscssossissasssssssssontessessssssnsses 19

Chapter 1 p.6 of 178



1. Inkjet History

The idea of printing with a jet of ink is not new. Many of the physical principles
behind inkjet printing were understood back in the 19" century. In 1878 Lord Rayleigh
studied the breakup of liquid jets into droplets upon application of a small disturbance,
such as pressure wave, to the liquid. [1] See Figure 1. His discovery, however, was

largely forgotten for almost 90 years. It was not until the early 1960s that Richard G.

Figure 1: Drop Breakup from Liquid Jet

000000000

Ref [1]

Sweet at Stanford hit upon a means to create a practical printer based on Rayleigh’s
principles. [2] Sweet discovered that the droplets that formed from a continuous stream
of fluid emanating from a nozzle could be electrically charged by passing the fluid stream
through an electrode. Further, he found that the charge on each droplet could be
controlled independently. The trajectory of each drop could thus be varied by passing the
stream through a uniform electrical field; the amount of deflection of each individual
drop depended upon its unique amount of charge.

The electrical field only varies drop trajectory along a vertical axis; however, by
mounting the drop generator on a movable carriage that can scan across the paper
horizontal positioning of the drops can also be achieved. Such an embodiment was
brought to market by the A.B. Dick Company as the world’s first inkjet printer.[2] IBM
followed with their Model 6640 printer, which used a similar drop steering mechanism.

This IBM printer was capable of printing text characters of typewriter quality.

Chapter 1 p.7of 178



These early products are called continuous inkjet printers because they rely on a
steady stream of droplets. Only a small fraction of these drops are needed for printing;
the rest are deflected away from the paper into a gutter where the ink is collected and
recirculated back to a reservoir. e e

Continuous inkjet technology, though elegant, proved too complex to be widely
adopted in computer printers. Instead, this technology found a niche in commercial
labeling where it is widely used today in applications such as printing addresses on
magazines and bulk mail and labeling consumer products with expiration dates, lot
numbers and other data. [3] Continuous inkjet printers for commercial labeling range in
price from $15,000 to above $50,000. [3]

Inkjet technology would require further evolution before it was ready for use in
mainstream computer printing applications. This evolution began with independent and
almost simultaneous discoveries by scientists at Canon and Hewlett-Packard in the late
1970s. Legend has it that in 1977 a Canon engineer accidentally touched a syringe of
liquid with his soldering iron and was surprised to see a small amount of liquid ejected
from the syringe as a result. [4] This accident resulted in what was perhaps the first
observation of the phenomenon known as thermal inkjet.

A similar discovery occurred at Hewlett-Packard one year later. In this case an
engineer was testing a metal film by zapping it with electricity. A small amount of liquid
trapped beneath the film began to boil and spurted out. [S] Both companies quickly
recognized that the thermal inkjet phenomenon could become the basis of an important,

new printing technology and began serious, independent efforts to commercialize it.
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Thermal inkjet has the significant advantage of being a “drop on demand”
technology; i.e., ink drops are not emitted continuously but iristead only when needed for
printing. This attribute eliminates the need for additional systems to capture and
recirculate unused ink.

Although Canon had a one year lead in making the initial discovery and
establishing early patents, Hewlett-Packard brought the first thermal inkjet printer to
market in March 1984. [5, 6] Canon introduced their initial “bubblejet” printer a year
later.[7}

HP’s groundbreaking product, called ThinkJet, was priced at $495; it had just 12
nozzles and could print low resolution (96 dpi) text at 150 characters per second. [6, 8]
Although the price sounds high by today’s standards, in the mid-1980s printers were very
expensive. Letter quality impact (daisy wheel) and laser printers were in the $2000-$4000
range. [9, 10] Only lower quality dot matrix printers could be purchased for less than a

thousand dollars.

2. Inkjet Disruption

In spite of their attractive low price, these early inkjet printers left much to be
desired. They were slow, had poor print quality and required special paper.[5] Further,
resolution was poor and ink smearing and nozzle clogging were significant problems.
Initial adoption was slow; the inkjet value proposition at that time was not sufficiently
compelling to take much market share away from either laser or impact (dot matrix and
daisy wheel) printers. See Figure 2. Nonetheless, inkjet had two very compelling

secondary attributes, small size and low noise level.
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Compared to impact printers inkjet units were almost silent; also, they were not
much bigger than a typewriter and thus fit easily on a desktop. [11] These secondary
attributes were important to users that were beginning to use personal computers and
word processors and appreciated the convenience of having a printer on the desktop

instead of down the hall in the computer room.

Figure 2: Printer Shipments vs. Year
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Hewlett-Packard and Canon continued to improve their inkjet products. The first
color inkjet was introduced in 1987 (HP’s PaintJet) and by 1990 both HP and Canon had
introduced plain paper models with performance comparable to dot matrix printers. [12,
13]. As inkjet technology was improving during the 1980s, manufacturers of dot matrix
printers (Seiko Epson, Oki Electronics) paid little heed. Demand for dot matrix printers
was strong and margins were good; they saw no need to make major investments in
“inferior” inkjet technology. Instead they focused engineering effort on improving their

dot matrix products and squeezing more profits out of this maturing technology. [5, 14]
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By 1990 Epson did manage to develop its own drop-on;demand inkjet technology
based on a piezoelectric rather than a thermal drive mechanism. Piezo-based inkjet
printers were, however, considerably more expensive than competing thermal inkjet
products.'

By 1992 inkjet printers offered near-laser quality text and built-in color capability
for about $1000 and sales began to take off. [15] Dot matrix sales fell for the first time in
the face of this disruption. See Figure 2. Inkjet was an inherently simpler and less
expensive technology that had, over time, surpassed the performance possible with dot
matrix technology. The aspects of the dot matrix technology itself made it more
expensive than inkjet and inherently limited resolution.

Dot matrix technology is based on a grid of electromagnetically driven wire
hammers that mark the paper by striking a ribbon. The constant pounding requires
rugged design of the printer chassis and carriage to maintéin acceptable tolerances in the
face of considerable vibration loads.[16] Inkjet printing is non-impact and thus allows
for lighter, less costly printer designs. Further, dot matrix resolution is inherently limited
by the spacing of wire hammers in the printhead grid (3-4 per millimeter). [2] Inkjet
resolution, on the other hand, is limited only by the droplet size itself. These limitations
of dot matrix technology could not be overcome by further incremental improvements.

Growth of inkjet printers accelerated throughout the 1990s as the technology
made further improvements in both speed and print quality. By 1999, 68% of all printers
shipped in the U.S. were inkjets. [17] Laser printers accounted for 14% and the once-

dominant impact printers accounted for only 3%.[17] See Figure 3.

Chapter 1 p-110of 178



Figure 3: 1999 U.S. Printer Shipments
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From its humble beginnings as an accidental discovery inkjet had become a huge
business. In 2000, the global market for inkjet printers and supplies was $26.6B and is
forecasted to reach $40B by 2005. [18] Revenue from ink supplies alone generated
$12.5B in 2000 and is predicted to reach $22B by 2005. [18] Worldwide market share
of the major competitors in the inkjet printing industry is shown in Figure 4. Hewlett-

Packard is the market share leader; other major players include Epson, Lexmark and

Canon.

Figure 4: Worldwide Inkjet Market Share, 1995-2001
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This remarkable growth was fueled by the widespread adoption of personal
computers in homes and small offices. See Figure 5. Customers buying a personal
computer frequently buy a personal printer to go with it; most of the time this printer is
an inkjet. For these customers inkjet offers an unbeatable value proposition of black and

color printing at a low price.

Figure 5: Color Inkjet Shipments by Segment, 2000

Color InkJet Shipments, 2000

Gou. &
Large Business  Education
8% . 6% _ .
Medium S ., '@ Home
Business ‘ m Small Business
8% ‘
|0 Medium Business
Small B - ‘O Large Business
S 0,
ma L;SIHGS 66% 'm Gouv. & Education
12% :
Ref. [19]

Inkjet printing was clearly a disruptive technology in the classic “Innovator’s
Dilemma” sense.[20] It initially had poor performance on attributes that the mainstream
market cared about (print quality, speed, smearing) but strong performance on secondary
attributes (noise level, size) of interest to a new class of customers. It was thus largely
ignored by incumbents while the technology gradually improved to meet mainstream

requirements and eventually unseated the mature, incumbent technology.
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3. The Future of Inkjet

Today the inkjet printing industry is itself approaching maturity. The major
competitors have reached parity on most performance attributes of interest to customers
(speed, print quality, etc.) and are now competing chiefly on the basis of price. This
trend toward performance parity is illustrated in Figure 6 for drop size. Decreasing drop
size was important to improving quality of color graphics and photos. Once the drop size
was decreased below the visual threshold (about S picoliters), photographic image quality
was realized and there was little reason to further shrink the drops, especially since doing
so adds cost.! The fact that Dell has decided to enter the inkjet printer market is another

sign that the industry is maturing and that inkjet printers are becoming a commodity item.

[21]
Figure 6: Evolution of Drop Size
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' Cost increases with smaller drop size because the number of nozzles and firing rate must be increased to
maintain throughput (ink flux) requiring additional interconnects and electronics.
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Although inkjet technology appears to be reaching the top of the S-curve in
traditional printing applications, there are signs that this technology could become a key
enabling technology in new, emerging industries. Inkjet’s incredible ability to precisely
meter picoliter quantities of liquid and place droplets on a substrate with an accuracy of a
few microns appears to have value that transcends traditional printing applications.
Expanding the notion of what constitutes “ink”, opens up a variety of interesting new
possibilities for inkjet. Companies, universities and national labs are investigating use of
inkjet technology in such diverse applications as three-dimensional printing,
biotechnology, and production of electrical, optical and MEMs devices. [22-24] The
interesting question is whether or not inkjet, which proved to be a disruptive technology
for traditional printing, could become a disruptive technology again in a different

industry.

4. Thesis Organization

This thesis explores in some depth two of the most exciting non-traditional
applications of inkjet technology, next-generation displays and low cost electronics. In
the case of displays, inkjet can be used to print organic light-emitting diode (OLED)
materials on flexible or rigid substrates. Displays based on OLEDs appear to have the
best shot at unseating liquid crystal displays (LCDs) as the dominant flat panel
technology for displays both large and small. Inkjet may offer a very low cost means of
manufacturing the displays of the future.

Low cost electronics refers to circuits that can be built on flexible substrates

without use of traditional wafer fab processing. Production of these circuits has more in
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common with printing newspapers then fabricating today’s silicon chips. Inkjet
technology can be used to print conduéting, insﬁlating, drid’ semicbnducting materials
directly on a substrate, thus avoiding the costly lithography and vacuum processing steps
usually required to make chips. Such low cost production methods could enable ultra
cheap, even disposable, circuits for radio—ﬁeciuency identification (RFID) tags and smart
cards. Such products could revolutionize shopping; fnventory management and the way
we use products and services in general. Low cost electronics may also enable more
affordable solar cells, displays and non-volatile storage for digital appliances.

This thesis is organized into five chapters. This chapter is intended to provide
some history and background on inkjet printing to set the stage for discussion of non-
traditional applications of the technology. Chapter 2 consists of a review of the relevant
technology management literature related to disruptive technology, technology diffusion
and commercialization of disruptive technologies. Chapter 3 is devoted to inkjet
opportunities in the display industry and Chapter 4 to inkjet opportunities in the low cost
electronics industry. In both cases, a fairly detailed analysis of the industry and
incumbent technologies is presented in order to provide context for analysis of
opportunities for inkjet. Chapter 5 compares the inkjet opportunities in the two industries
and assesses whether or not these opportunities are disruptive.  Investment
recommendations for existing inkjet players are also presented.

This chapter concludes with a short technical discussion of the two major types of
drop-on-demand inkjet technology, thermal and piezoelectric. These technologies are
mentioned frequently in later chapters and it is important to have a basic understanding of

what they are and how they work.
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5. Inkjet Technical Background

Thermal inkjet is one of two types of drop-on-demand inkjet technology. Unlike
continuous inkjet which requires a steady stream of droplets to be flowing at all times,
drop-on-demand inkjet only ejects a drop when required for printing. There are no
unneeded drops to collect and recycle. Thermal inkjet uses a tiny thin film resistor
located within each nozzle to boil a thin film of ink. A narrow voltage pulse heats the
resistor to above 300C in a few microseconds producing a vapor bubble in the ink.[25]
The bubble expands and drives a droplet of ink out of the nozzle. As the bubble collapse
it draws fresh ink into the nozzle firing chamber for the next shot. [26] There are no
moving parts other than the ink itself. Drop firing frequencies as high as 18 kHz are
possible with this approach. [8] See Figure 7. It is important to note that only a very
small amount of liquid is boiled and that the temperature of the ejected drop itself is in
equilibrium with the printhead (typically 40-60C) and is not particularly hot. With the
exception of Epson, all the major inkjet competitors (HP, Canon, and Lexmark) use

thermal inkjet technology in their products.

Figure 7: Thermal Inkjet Diagrams and Photo
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Epson’s inkjet products are based on piezoelectric inkjet technology. Piezo inkjet
differs from thermal inkjet in that a vibration plate connected to a vibrating piezoelectric
crystal provides the energy for drop ejection. When the piezo crystal pushes the plate
fluid is displaced and a droplet is forced out of the nozzle. When the crystal pulls on the
plate, fresh ink is drawn into the firing chamber.[26] See Figure 8.

Thermal and piezo inkjet have different strengths and weaknesses. Thermal inkjet
is less expensive to manufacture and supports higher nozzle densities. Designs with 600
nozzles per inch have already been commercialized.[8] The primary drawback with
thermal inkjet is that the range of jettable liquids is limited to those that will boil on the
thin film resistor and are not degraded by thermal heating. To date, thermal inkjet has

been used chiefly to print aqueous fluids.

Figure 8: Piezoelectric Inkjet Diagram

laminated

/ metal plates

adhesive

ink
channel

diaphragm

piezoelectric
transducer deflected
diaphragm

Ref. [8]

Since piezo uses a purely mechanical approach to eject drops it has fewer
limitations on the type of fluids which can be jetted. [24] For this reason, most non-
traditional inkjet applications to date have used piezo technology. Another piezo
advantage is that is possible to achieve variable drop size within a nozzle by varying the

amount of deflection of the vibration plate. [27] Drawbacks to piezo include higher cost
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and lower nozzle densities; both of these disadvantages are related to mechanical

manufacturing processes which make miniaturization more difficult.
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1. Introduction

As discussed in Chapter 1, demand mode inkjet printing has proven to be an
important disruptive technology. Inkjet’s unique ability to deliver minute quantities of a
fluid to a substrate with very high spatial accuracy was critical to its success in printing
applications and could prove to be important in other industries such as displays, low cost
electronics and biotechnology. = Whether or not inkjet can successfully move
“horizontally” into other industries depends not only upon addressing key technical
challenges but also upon technology management issues related to disruptive technology,
technology diffusion and commercialization of new technologies. This chapter explores
the important literature in these areas to provide context for discussion in later chapters of
whether it makes sense to deploy inkjet technology in other industries and, if so, how best

to go about it.

2. Disruptive Technology

2.1 Types of Technological Innovation

Clay Christensen has written extensively on the topic of disruptive technologies
and their implications.[1-8] This body of work is based on a framework originally
discussed in his book The Innovator's Dilemma.

Christensen defines two major types of technology innovation: sustaining
technology and disruptive technology. Sustaining technology consists of incremental
improvements to an existing technology. These improvements are geared towards

delivering products with better performance along established dimensions to be sold to
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existing customers for higher margins. Disruptive technologies, on the other hand, are
revolutionary and may initially offer neither better performance nor better margins.
Christensen suggests that disruptive technologies require a different value
network or system of use than the sustaining technologies that they may displace.[9]. A
value network is a system of producers and markets to which a given innovation
contributes. If a new innovation does not have value within an existing value network or
system of use it is difficult for incumbents to be successful. The value network can be
thought of as a nested hierarchy of product architectures. Figure 1 shows how inkjet

printers and supplies fit into the value network for personal computer peripherals.

Figure 1: Value Network for Inkjet Printers

A firm must have competencies in each of the areas in the value network in order
to be successful. Tushman and Anderson suggest that innovations that enhance existing

competencies are typically initiated by incumbents and are sustaining innovations.[10]
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Conversely, innovations that destroy or otherwise do not make use of existing
competencies are typically initiated by new entrants and are disruptive innovations.

The development of non-impact printing technologies is consistent with these
ideas. For example, the value network »and reiatéd competencies for firms making dot
matrix printers (e.g, Centronics, Okidata) is certainly very different from that in Figure 1;
these firms were not the leaders in introducing non-impact technologies such as inkjet
and laser printing.

Henderson and Clark take the idea of competence enhancing or destroying
innovations and add to it the concept of linkages between core concepts and components

to create a typology of innovation.[11] See Figure 2.

Figure 2: Typology of Innovation
Core Concepts
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Ref [11]

The incremental and radical innovations are familiar from previous work but this
typology introduces two new types of innovation, modular and architectural. Modular
innovations involve new technology but don’t significantly impact the relationship

among key components. An example here would be the transition from analog to digital
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cell phones. Architectural inno'vatioh, meahwﬁile, ;dccurs when the innovation reinforces
core concepts but changes fhé linkages among components. Competitor’é architectural
innovation can spell trouble for existing firms by abbearing like straightfdfward evolution
of existing designs, thus drawing no response. Subtle but importé.nt chénges in the
relationships between key components are often not immediately recognized until the
firm is at a significant disadvantage.

An example of architectural innovation is the jet engine and its impact on the
airframe industry. Jet engines did not merely displace propellers as a propulsion system
but changed the relationship between the engine and airframe in important ways.
Henderson and Clark point to examples of architectural innovation that occurred in the
evolution of photolithographic equipment for the semiconductor industry. Here
successive generations of equipment involved architectural innovations that led to
changes in industry leadership. Many of the disruptive innovations in the disk drive
industry that are discussed by Christensen are also architectural and not radical
innovations.[6] In general, existing firms are able to successfully adopt and
commercialize incremental and modular innovations, where linkages among important
components are unchanged. They are much less successful with architectural and radical
innovations; these are disruptive innovations which do not align well with a firm’s
organization and capabilities.

Fafii and Kampas have developed a practical tool for assessing a potentially
disruptive technology.[12] This framework, which is intended to help incumbent firms
assess competitive threats from new entrants, breaks the disruption process into six stages

and identifies key factors at each stage. These six stages are foothold market entry, main
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market entry, customer attraction, customer switching, incumbent retaliation, and finally,
incumbent displacement. At each stage key factors are identified and rated according to
the extent to which they disable or enable disruption and a weighted score is determined
for each stage. The result is a pseudo-quantitative disruptiveness profile that provides a
very nice summary of the potential for disruption to occur. The Fafii and Kampas
framgwork builds upon and extends the ideas of Christensen and others to provide a
useful tool that managers can use. Thé six stages to get to incumbent displacement make
it clear that the path to success for a disruptilve technology is not an easy one. Disruption

can be disabled at any stage, leaving the incumbent firm at the helm.

2.2 Patterns of Disruption

Christensen suggests that disruptive technologies often follow an “attack from
below” trajectory into a market.[6] The disruptive technology often has lower
performance on a primary attribute but better performance on one or more ancillary
attributes. As such, the disruptive technology is initially only attractive to a niche market
that values the performance of the disruptive technology on an ancillary attribute and is
over-served by the dominant technology on the primary performance attribute. Firms
with the dominant technology, meanwhile, continue to listen to their best customers and
focus on incremental performance improvements to primary product attributes. The
niche market served by the disruptive technology does not appear attractive or important
to the firms with the dominant technology.

Often these dominant firms improve performance at a higher rate than the market
can absorb. Although customers may welcome these improvements, they are typically

unwilling to pay a premium for them and their attention shifts to value provided along
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other dimensions of performance, such as those provided by the disruptive technology.
Meanwhile the baseline performance of the disruptive technology improves over time
until it meets the needs of a larger and larger share of customers. The former dominant
firms are thus unseated by new entrants. See Figure 3.

Christensen’s “attack from below” paradigm is compelling and seems to fit well
with disruptive innovations in the disk drive industry. ~ Not all disruptive innovations,
however, fit Christensen’s model. An expanded view of disruptive technologies is

offered by Acee.[13]

Figure 3: Disruptive Technology Model
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Ref. [4]

Acee looks at a number of innovations in terms of their cost, traditional
performance, and ancillary performance and finds a number that do not follow the
Christensen dogma of lower cost, lower traditional performance and higher ancillary

performance. See Figure 5.
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Figure 5. Disruptive Innovations
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Ref [13]

This expanded framework is very relevant for thinking about the ability of inkjet
technology to “invade” other industries. For example, inkjet technology can be used to
print circuits using a direct-write approach. Here traditional performance (circuit density
and complexity) is currently far less than that possible with traditional silicon technology

but there are significant ancillary benefits such as design flexibility, lower cost and the

lack of need for photomasks and a wafer fab to generate the circuits.

2.3 Disruptive Technology and Industry Structure

Christensen has recently extended his framework to include the effect of
disruptive technologies on industry structure.[4, 14] The idea here is that important
ancillary attributes of the disruptive technology are often ease of use, product variety,
ease of customization, and speed to market. These factors favor modular rather than
integrated product architectures. Once basic product performance is good enough,
independent companies will emerge which specialize in producing the various modular
components. These companies work with other non-integrated firms that design and

assemble end-use systems. This arrangement provides important advantages over

2 OSB stands for oriented strand board.
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integrated firms in speed, cost, and flexibility. The end result is that the disruptive
technology can lead to disintegration of industry structure.  The disintegration is
accelerated by the development of industry standards for the components. Such

disintegration has happened in the personal computer industry.[15] See Figure 6.

Figure 6. Computer Industry Structure
Computer Industry Structure, 1975-85
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Such disintegration has not yet happened to a significant extent in the inkjet
printer industry. The inkjet supplies business is an attractive target given the huge
profits that it generates.[16] However, strong patent protection and the large capital
investments required to manufacture inkjet cartridges have prevented disintermediation

by smaller firms. Further, there is no industry standard for the electrical and mechanical
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interface between the inkjet cartridge and the printer. There are smaller firms that offer
inkjet refill kits and remanufactured cartridges but they have yet to take significant
business away from original manufacturers. Third parties are, however, making
significant inroads into the laser printer toner supplies business and the inkjet supplies
business may eventually become similarly vulnerable to disintegration. Future
applications of inkjet technology, such as printing of circuits, may work well in a
modular architecture where firms with inkjet printing expertise could deliver part of the
circuit manufacturing process without controlling the entire value chain.

Utterback has also done important work on the topic of disruptive technology and
industry structure.[17] He introduces the concept of a dominant design, which is the
design that is most strongly preferred in the marketplace. The dominant design is not
predetermined but rather results from the complex interaction of technical and market
choices. A firm’s strategy, collateral assets (brand, channels, etc.), government policy,
and communication with customers can all play a role in determining what design
becomes dominant. The dominant design plays an important role in industry structure.

Prior to emergence of a dominant design there is a fluid phase with a large
number of firms attempting to commercialize a variety of designs. Once a dominant
design emerges a transitional phase begins »whér’é»the ('II;llihlber of ﬁrms exitihg' the
industry, either through consolidation or failure, accelerates. In the transitional phase,
surviving firms focus increasingly on process improvements since dominant product
design has been determined. Finally, there is a specific phase as the industry matures.
Here there the number of firms stabilizes at a low level with only the largest, most

efficient firms surviving. See Figure 7.
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Figure 7. Dominant Design
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For example, in the U.S. automobile industry prior to 1920 there were as many as
70 different firms making cars. In the mid-1920s a dominant design emerged based on
the internal combustion engineer and an all-steel enclosed body. The number of firms
fell sharply in the following decade and then continued to decrease to the familiar Big
Three. The auto industry has clearly reached the specific phase. Utterback argues that, in
spite of the importance of dominant design in governing industry structure, its existence

can be determined only in retrospect, not in the heat of the battle.
2.4 Innovation in Nonassembled Products

Utterback’s work on the 'dynamics of innovation extends to innovation in
nonassembled, or process-intensive, products.[17] Utterback defines nonassembled
products to be physical goods, such as glass or steel, which have few discrete

components.> Nonassembled goods tend to be process intensive and, as a result, the rate

* Utterback’s framework is limited to physical goods and does not scale to purely digital products such as
software and web services.
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of process innovations quickly outstrips the rate of product innovations once a dominant
design has emerged. With appearance of a dominant design the basic functionality of the
product (e.g., glass, steel) can remain unchanged for long periods of time,; firms focus
instead on process innovations to improve product performance and reduce cost.

This work is directly relevant to future uses of inkjet technology since inkjet may
become an enabling process technology to create displays or circuits. [17] Strictly
speaking, displays and circuits are not nonassembled products like glass or steel but they
share many of their important characteristics in that they consist of a relatively small
number of discrete components and most of the cost of production is related to the
process itself rather than to the cost of input components. Once a dominant design has
emerged for displays or low cost electronics, inkjet technology would be among
competing process innovations to create these products most efficiently.

Utterback finds that nonassembled or process-intensive products differ from
assembled products in that process innovations can contribute to much larger cost
reductions than for assembled products. For assembled products, the cost of the
assembly process is relatively small relative to the components; process improvements
here thus lead to only incremental cost reductions. Nonassembled products typically
show discontinuous decreases in unit cost over time. There are sharp drops in unit cost
when new process architectures are introduced followed by gradual decreases due to
incremental process innovations. Although process innovations can offer significant cost
reductions, they typically have high introduction costs. Implementing a new process
innovation, such as float glass, often involves replacement of major pieces of capital

equipment and can even require construction of entire new factories.
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Utterback’s work is quite relevant for evaluating the potential of inkjet as a
manufacturing technology. Implementation of inkjet for patterning of circuits or display
materials would be a significant change in process architecture and could potentially offer
huge cost savings. A switch to inkjet based process tools would also involve significant

new capital investment in order to realize the process cost savings.

3. Technology Diffusion

The literature reviewed so far has clarified how disruptive technologies differ
from sustaining technologies, explained types of disruptive technology and how they can
affect industry structure, and revealed how innovation in process-intensive products
differs from that for assembled products. The next important issue to investigate is
diffusion of new disruptive technologies. That is, once a promising disruptive technology
has emerged, how quickly will it be adopted? Rate of adoption of new technologies is
important not only for the companies offering and adopting them but for economic and
productivity growth in general.

There is a large and rich body of literature on the topic of diffusion of innovations
that dates back to the work of Tarde in 1903 [18] Tarde is credited with developing a
number of pioneering ideas that have been tested and developed by later diffusion
researchers. Among them is the idea that adoption of new ideas follows an S-Curve.

Rogers’ Diffusion of Innovations is among the first comprehensive books written
on the topic.[19] Rogers reviews over 500 diffusion studies and attempts to find
common threads. His work covers diffusion research in a variety of diverse areas

including anthropology, sociology, education, and industry.  The work focused on
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diffusion of technologies in industry is of the greatest interest for this review but many
aspects of the diffusion of ideas are common to all fields and are worth discussihg.

Diffusion research across many fields reveals that adoption of new ideas, no
matter how compelling, does not happen instantly, but instead follows an S-curve with
slow adoption at first, followed by a period of rapid adoption and finally a gradually
slowing of adoption rate as the potential market for the idea becomes saturated.[20] The
time lag before an adoption reaches wide acceptance can be quite long; for example the
tunnel kiln required 40 years to attain wide spread use in the pottery industry and hybrid
seed corn took 14 years to achieve wide acceptance among farmers in Iowa.[19]

Rogers’ identifies several stages leading to the adoption of a new idea. The first
stage is awareness of the idea; initial awareness is often accidental but can become a
driver of need. Awareness is followed by interest, which is characterized by deliberate
seeking of more information on the idea. The next stage is evaluation, which is focused
on weighing the costs and benefits of the idea and deciding whether to give the idea a try.
Evaluation is logically followed by trial, and then, finally, by adoption. Note that
rejection of the idea can occur at any of these stages, even after adoption if the innovation
doesn’t work out or otherwise live up to its original promise.

Sources of information are very important for the both the awareness and
evaluation stages. Mass media is the most effective means of generating awareness, but
for the evaluation stage personal communication is more important. Once the trial stage
is reached, information obtained from personal experience with the innovation is what
matters most. Of course, the characteristics of the innovation itself are of paramount

importance.
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Innovation characteristics that Tesult in faster diffusion include relative advantage
(including contribution to profitability), compatibility, complexity, divisibility, and
communicability [19] Compatibility refers to compatibility with existing ‘processes_
Divisibility refers to the ability to try out the idea on a limited basis. Communicability is

the ease with which the idea and its benefits can be described to others.

3.1 Adopter Categories

Rogers’ important work in finding common threads in the wide variety of
diffusion research extends to development of the adopter category framework [19, 21]
This conceptual framework suggests that the distribution of adopters is normal and that
this bell-curve can be divided into five types of adopters, each with unique characteristics
(See Figure 8).

Innovators are the first to adopt and are typically venturesome, curious risk-takers
with the financial means to absorb a loss if the new idea doesn’t succeed. Early adopters
come next; they are less aggressive than innovators but appreciate the benefits of
innovations and are comfortable adopting without well-established references. Early
adopters are followed by the early majority. Early majority adopters are practical and
prefer well-established references before adopting. Late majority adopters are similar to
the early majority but are more skeptical and apt to wait until they feel they must adopt.
The laggards make up the tail end of the adopter distribution. Laggards are tradition-
focused and don’t like new technology; they adopt last, if at all. The adopter categories
are chiefly used for studying the adoption of products or ideas by individual consumers,
but they have also been employed in trying to empirically determine characteristics of

individual firms related to innovativeness.
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Figure 8: Adopter Categories

Technology Adoption Life Cycle

Ref. [22]

Geoffrey Moore, in his popular management book, Crossing the Chasm, expands
upon Rogers’ idea of adopter cétegories.[22] Moore adds to the framework, which he
calls the Technology Adoption Lifecycle, a “chasm” or gap between early adopters and
the early majority. He claims that the success of a new product or innovation depends
upon achieving adoption among the early majority group. Moore suggests that driving
adoption into the innovator and early majority categories is relatively easy; these small
groups are willing to try almost any new technology product. The challenge comes in
selling the product to the early majority, where there is a difficult chicken-and-egg
problem. The early majority requires well-established references from people like them
before they will buy.

Moore extends the adopter category framework into a marketing model for high

tech products. He suggests that the marketing plan follow the technology adoption
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lifecycle from left to right. Moore’s marketing strategy, although aimed at high tech
products, also has relevance for driving adoption of new process technologies,
particularly in vertical disintegrated industries; i.e., where a firm is attempting to license
its process or sell a tool which embodies its process rather than using the process
internally to create a product.

Moore’s strategy calls for a D-Day approach to cross the chasm. This approach
involves sharp focus on a niche market where plenty of support and service can be
lavished upon early customers. The niche market provides a cluster of customers in one
area who can serve as credible references for other, similar customers. The niche market
also provides a well-defined target customer for whom the initial product offering can be
optimized. Once a niche market has been identified, a compelling reason to buy must be
established for customers. Moore suggests that this compelling reason should be a
radical improvement in productivity in a well-understood areé. This value proposition is
the one rﬁost likely to convince those in the pragmatic early majority to adopt.

The early majority evaluate “whole products”, not just hardware or software.
This means that the product must include all service, support and accessories required to
deliver on the full value proposition of the product.  The carly majority also prefer
competition; competition allows them to comparison shop and is the sign of a safe,
mature market. This expectation requires that the firm marketing the innovation define a
market for ';he product in such a way that the compelling reason to buy can be clearly
communicated. Market, not product-based, values are what matter to the mainstream
early majority. Finally, Moore recommends a direct sales force to stimulate demand and

market-leader, not bargain, pricing.
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The work of Rogers and Moore is focused chiefly on adoption of innovations by
individuals; some of these ideas seem inappropriate for firms adopting new processes.
For example, adopter categories for firms are probably different than those suggested by
Rogers. Economic forces should eliminate late majority and laggard firms who fail to
adopt important innovations until most all the other firms in their industry have done so.
Firms also require less “hand holding” than Moore suggests to cross the chasm. Firms
have considerable resources and should be willing to adopt promising innovations before
they are offered as a complete “turn key” solution by the vendor. Nonetheless, the work
of Rogers and Moore provide a good background for understanding diffusion of
innovations. Fortunately there is a sizable body of work focused specifically upon the

diffusion of industrial process innovations.

3.2 Diffusion of Process Innovations

Much of the historical work in this area is summarized in two important books:
Davies’ The Diffusion of Process Innovations, which examines the diffusion of 22 post-
war process innovations in the UK., and Nasbeth and Ray’s The Diffusion of New
Industrial Processes, which includes case studies of ten innovations in six European
countries.[23, 24] A recent summary of work in the field is provided by Baptista.[25]
From this work it is clear that different innovations in different industries vary in their
diffusion patterns. Although generalization is difficult, there are some important
common themes and frameworks.

For example, one common characteristic of process innovations, and of
innovations in general for that matter, is that they are often not entirely new concepts but

can instead result from the aggregation of a number of existing ideas. Their invention
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and development is frequently accomplished by firms or individuals outside the industry.
The view of a firm inventing a process for its own use, patenting it and then licensing to
others is largely inaccurate. This characteristic is consistent with Utterback’s
observations of technological product innovations.[17] A second common theme to keep
in mind is that most new process and product innovations are not widely adopted
(diffused) and fail. The S-curve does not characterize the path of all innovations, only
the successful ones. Rejection can and often does occur at any of the stages between
awareness and adoption.

This literature indicates that there are three principal stages in the development of
new process innovations. The first is the research and development leadin.g to the
invention and initial prototype. Next is the work required to turn the original invention
into an innovation or commercial offering. The last stage is the inter-firm and intra-firm
diffusion of the innovation. The overall speed of technical advancements is related
directly to pace and level of activity at each of these three stages; overall the most

important factor is the speed of diffusion.

3.3 Diffusion Models

The importance of speed of diffusion has led to much research in the area of
diffusion models, which attempt to explain adoption S-curves and identify key factors
which effect adoption rates. A recent article by Geroski provides an excellent summary
of these efforts [26] The most commonly found model used to explain technology
diffusion is the so-called epidemic model. ~ The central tenet of this' model is that

technology diffusion is gated chiefly by the spread of knowledge about the innovation;
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i.e., some firms simply learn about an innovation later than others. Epidemic models are
inherently aggregate models that attempt to explain the number of adopters of a new
technology over time. They are most useful for identifying factors that explain
differences in adoption rates among firms or among countries. As its name implies,
epidemic models leverage theories developed to explain the spread of disease. Epidemic
models assume that a potential user will adopt an innovation upon learning of its
existence and that word of the innovation is spread by direct contact between a user that
has already adopted an innovation and a potential new user.  The rate at which
“uninfected” non-users adopt in a given period is thus related to the proportion of users in
the industry population that have already adopted and the number of non-users yet to

adopt. The resulting equation for adoption rate is
mo) _ [1 +exp(—a - f*t]"
n

where m(t) is the number of firms adopting at time t, n is the total number of firms in the
industry, B is the parameter governing speed of diffusion, and o is a constant of
integration. This simple model predicts the S-curve or logistic curve frequently observed
in experimental measurements of diffusion; this curve can be fit to experimental data to
determine P; regression analysis can then be used to investigate which exogenous factors -
(e.g., firm size, profitability) are correlated to . See Figure 9 for examples of curves
from this model for slow and fast diffusion.

Although epidemic models have yielded some useful insights, they have been
criticized on a number of fronts. The fundamental weakness of epidemic models is the

assumption that adoption is driven entirely by the availability of information about the
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Figure 9: S Curves

S Curves: Slow and Fast Diffusion

|

Fraction of Firms Adopting

0 5 10 15
Time (arb. units)

technology. In fact, technology adoption takes much longer than the time required for
information about the technology to spread.

The epidemic model also regards users as a homogenous group of passive
information recipients, rather than active information seekers and decision makers.
Changes over time in the technology and its profitability for the firm are also ignored.

To address these shortcomings of epidemic models, another theoretical approach,
called a probit model, has been developed which focuses on the time of adoption of new
technology by individual firms. Unlike aggregate epidemic models, probit models are
disaggregate in that the analysis is based on individual adoption decisions.  Probit
models assume that firms are heterogeneous and differ in some characteristic x;, which
affects their profitability of adopting a new technology. Firms will adopt a new
technology when x; exceeds some threshold value X (t), which decreases over time.

Values of x are distributed across the population of firms by some function f(x). The
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shape of the diffusion curve with probit models thus depends upon f(x) and x'(t). If f(x)
is a bell curve then decrease of x (t) at a constant rate will generate an S-curve. If f(x) is
a uniform (rectangular) distribution then x (t) must vary over time in order to produce an
S-curve. See Figure 10.

Over the years researchers have used probit models to identify a number of
interesting firm characteristics (x;’s) that influence technology adoption decisions.

Important factors are discussed in the following section.

Figure 10: Probit Models
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3.4 Factors Influencing Technology Adoption by Firms

The decision of a firm to adopt a new process technology depends upon three

categories of variables.[24]
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e Innovation variables: variables related to the innovation’s technical

applicability and relative advantage (profitability).

e Company variables: financial resources of firm, size and structure of

firm, firm culture, management attitudes towards new techniques.

e Environmental variables: variables related to firm’s operating

environment (network effects, suppliers, geégraphy, networking).

The cost of adopting a new technology is obviously a key factor governing its
relative advantage. One important cost is the vintage, or age, of existing capital
equipment purchased to implement the old technology. Firms with older; fully
depreciated capital equipment are more likely to switch to a new technology than firms
with more recent capital investments in the old technology. Another influential cost is
that of switching to the new technology. These switching costs include not only new
capital investment but downstream costs related to adopting the new technology
(marketing, developing new products based on the technology, etc.).

A very important switching cost is related to the firm’s ability to learn. Firms
with a strong learning culture will be able to understand and fully utilize the new
technology much faster than other firms and will thus incur lower learning-related
switching costs. Woiceshyn discusses the importance of organizational learning for
technology adoption in the oil industry.[27] Costs of learning about the innovation prior
to adoption are also important. Firms with lower learning and search costs will tend to
adopt an innovation sooner. Environmental factors such as‘networking opportuh‘iﬁesv and
geography effects provide important means of lowering these costs.  Networking

between potential adopters and adopters provides an important means of reducing risk
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and uncertainty and speeding diffusion. These networking opportunities are most
prevalent if the firms in a particular industry are clustered in a particular geographic area.

Regional networking effects among ﬁn}}s may }}elp ex_plain rapid diffusion of
biotech innovations in the Boston area and of computer-related innovations in Silicon
Valley. Networking between firms and universities can also contribute to reduced
learning costs and faster technology diffusion.

It is not just technical knowledge which enjoys faster diffusion in geographic
clusters of high tech firms but also marketing-related knowledge. For example, recent
research shows that geographically clustered software firms introduce fewer products for
their R&D investments but have higher sales per employee than isolated firms.[28] This
research suggests that this difference is related to shared knowledge about customers and
markets rather than diffusion of new technological innovations. Although the clustered
firms introduce fewer products, these products are better tailored to customer needs and
thus sell better, on average, than products developed by geographically isolated firms.

A commonly explored company variable is firm size. The bulk of experimental
evidence suggests that larger firms adopt innovations earlier than smaller firms. The
primary explanations offered to explain this outcome are that scale economies can make
adoption more attractive for larger firms and that larger firms have greater financial
resources and are thus better positioned to absorb the loss should the innovation fail.
Large firms are also more likely to have technical staff capable of early evaluation of new
process innovations.

Thomas, however, points out that this tendency for larger firms to adopt an

innovation earlier than smaller firms only holds true only if the innovation does not
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rapidly obsolete existing technologies and produc}si [29] Tn cases where the innovation is
disruptive and does obsolete existing products, then smaller firms tend to adopt earlier.
This is consistent with the work of Christensen (previously cited) and Utterback.[17]

Another important company variable governing technology adoption is the firm’s
expectations about the technology. Strong expectations regarding the innovation’s ability
to boost profits will hasten adoption. On the other iland, if the firm expects either the old
or the new technology to improve in the near future, diffusion of the new technology will
be slowed.

A crucial environmental factor that drives diffusion of new technologies is
network effects; a good discussion of network effects can by found in Information Rules
by Shapiro and Varian.[30] Network effects occur when the value of an innovation to a
firm or individual is related to how many others have adopted the innovation. Network
effects can result in either positive or negative reinforcing effects and can either
dramatically accelerate or inhibit spread of innovations.

For exarhple, positive feedback network effects played a major role in the
ascendancy of Wintel-based personal computers. As the installed base grew there was
more software available, more users with whom to share files and more resources for
service and support. The growing installed base also resulted in reduced costs due to
competition and scale economies. These factors drove further adoption which further
increased the installed base thus creating a virtuous cycle. Conversely, Apple suffered
from negative reinforcing network effects as more and more people bought Wintel
machines. The vicious cycle of fewer users, less software, higher costs léading to fewer

users has hurt Apple’s market share.
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Network effects have also helped Hewlett-Packard maintain its strong market
share in inkjet printers. HP’s large installed base leads existing retailers to devote more
shelf space to HP’s products and encourages new retailers to carry HP’s printers and
supplies. The wide availability of HP inkjet printers and supplies leads to increaséd sales
and higher supply usage, which, in turn, vprovides money for HP to create more new
products, thus further increasing the installed base. These network effects would make it
difficult for a new entrant into the inkjet printing market. Lack of installed base would
make it hard for new users to find printers and supplies thus hurting sales and depriving
the new entrant of revenue needed to grow the business. Dell, a new entrant to the inkjet
printer market, is attempting to overcome the powerful retailer network effects by selling
printers and supplies through their well-established web channel.[31] This model
depends on the risky assumption that customers will be willing to plan ahead and buy
supplies on-line rather than running to the store when their cartridge runs dry.

Another important environmental factor influencing adoption is the suppliers of
the new technology. They play a pivotal role in educating firms about the new
technology; further, their pricing, service and support are important for driving adoption
once awareness has been established. Suppliers are key players in the battle between the
old and the new technologies. While suppliers of the new technology will aggressively
push their innovation, suppliers of the old technology often respond by making
incremental, yet significant, improvements of their own. Such incremental
improvements to the old technology can clearly slow the diffusion of the new one. This
“sailing ship” effect is well known and is discussed by Utterback in the context of the

development of the electric light bulb and machine-made ice.[17]
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This section has explored diffusion of innovations and, in paffiéﬁléf, the key
factors that drive adoption of new téchnblogy by firms. However, thése firms can only
easily adopt the new technology if it is Successﬁﬂly commercialized. The next and last
section of this chapter discusses the challenges ‘and strategies related £ :dbﬁihieréi'aliiihg

innovations.

4. Commercialization

4.1 Challenges Faced by Incumbents

So far this review has focused on characteristics of disruptive technologies and
important factors which influence their diffusion. A related topic which demands
attention is the question of how can incumbent firms, particularly larger ones,
successfully commercialize disruptive technologies that are not aligned with their core
business. This topic is highly relevant for establishing inkjet as an enabling technology
in areas other than traditional printing. The major inkjet firms such as HP, Epson and
Canon, are large companies that have the knowledge and resources to explore non-
traditional applications of inkjet technology but must do so without negatively impacting
the highly profitable core business. The challenges that established firms face in trying to
exploit disruptive technologies have been explored by a number of researchers.
Ironically, it seems that the good management practices that helped grow and nurture the
core business often cripple efforts to successfully create new businesses.

These good management practices that evolve to support the core business result
in what Sull calls “active inertia” where organizations follow established patterns of
behavior that worked in the past but are often inappropriate as markets evolve and new

technologies emerge.[32] Firms that cannot make strategic adjustments to change and

Chapter 2 p.48 of 178



persist in approaches that brought initial success often fail. Sull desctibes a dynamic of
failure in which firms become locked into old strategic frames or assumptions about what
is and is not important. The old frames become blinders which prevent the necessary
adjustments to maintain competitiveness. Processes become hard-to-change routines;
values become dogma and relationships become shackles. Polariod and Firestone are
among the once-great companies that were unable to éscape this dynamic of failure and
are no operating as independent businesses.

Christensen views this problem in terms of organizational capabilities that exist
independent of the people and other resources in the firm.[6, 7] These organizational
capabilities evolved to support the company’s core business and are often not well-suited
to commercialization of a disruptive technology. These organizational capabilities lie in
three key areas: resources, processes and values. The capabilities migrate over time as
firms grow. Startups and small firms are chiefly dependent upon resources, chiefly
people and physical assets. While the firm is small, the founders and management team
know all the employees and have first-hand knowledge of what is going on throughout
the firm. As the firm grows, managers cannot personally stay abreast of all that is going
on and processes must be developed to insure consistent performance of key tasks. These
processes create the ability to do one set of tasks well but at the same time define
disability in doing other tasks. These essential processes are the beginning of Sull’s
active inertia.

For example, a large inkjet company may have a rigorous process of market
research and financial analysis to determine market size and opportunity before launching

a new printer. This work can be done with considerable accuracy since the company
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knows the market and the technology very well. Only the most promising opportunities
are pursued and the expectations for success are high. This logical approach, which
makes perfect sense for the core printing business, is not a good process for disruptive
technologies. The markets for disruptive technologies often do not exist and thus cannot
be rigorously analyzed. Further, chances for failure are high and expectations for a high
success rate are unrealistic.

As a firm grows larger still values and culture become important. These values
are a way of behaving that permeate a company and allow employees throughout the
organization to make the right decisions in support of the core business. These values
are, in essence, the DNA of large firms; they insure consistent firm performance even in
the face of rapid growth and employee turnover. Persistent values in large organizations
often include expectations for gross margins, the size of business opportunities; and
acceptable failure rate, which are not consistent with most new businesses based on
disruptive technologies.

Such new businesses typically offer (at least initially) low margins in small
emerging markets where success is far from certain.  Successful commercialization of
disruptive technologies requires a culture that expects, accepts and even honors failure as
a necessary part of exploring new markets, not a culture that only pursues low risk
opportunities with near certain payoffs. This new culture should encourage a strategy of
failing cheaply and often, rather than placing a few big bets. Without such a culture, the
most talented people will avoid involvement in risky new business since the stigma of

failure (which is likely) will damage their career pro'spects.'.
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Leonard-Barton offers the theory of core rigidities to explain the challenges
existing firms face in successfully commercializing disruptive technology.[33] She
defines core rigidities as the values, skills, and managerial and technical systems that
once served a firm well but are no longer appropriate. Her core rigidities are thus related
to the resources, processes and values in Christensen’s framework. A new idea in the
core rigidity theory is that of dominant and nondominant disciplines. In engineering-
driven firms, R&D is often the dominant discipline. The dominant discipline has high
status, attracts the best talent, and tends to have strong influence in making strategic
decisions. Nondominant disciplines such as marketing and manufacturing, have lower
status and thus more difficulty in attracting top people. Members of nondominant
disciplines typically have less input into major business decisions than members of the
dominant discipline. The dynamics here are that of a self-fulfilling prophecy. The
nondominant disciplines have smaller, less capable staffs which in turn reinforces their
low status image and low strategic influence. Weakness in nondominant disciplines can
become a particular problem when trying to launch new ventures where strong cross-

functional participation and integration is important for success.

4.2 Organizational Strategies

The different processes and values needed for success in bringing disruptive
technologies to markets clearly pose a problem for existing firms. Unless these processes
and values can be modified, it is difficult for incumbent firms to make the necessary
changes in strategy.

Christensen provides a useful framework which suggests organizational changes

that can help incumbent firms with deploying disruptive technologies (see Figure 11).[7].
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He suggests organizational approaches that differ depending upon how well an
innovation fits with the organization’s existing processes and values. If the innovation is
a good fit with existing processes and values it is a sustaining innovation that can be
handled with a conventional functional team or matrix-managed (lightweight) project
team. On the other hand, innovations that are a poor fit with existing processes or values

are best managed using heavyweight teams, a concept deVeloped by Clark and

Wheelwright [34].
Figure 11: Organizational Framework
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Ref. [7]

Heavyweight teams are small groups consisting of core members from each of the
major functional areas (R&D, marketing, manufacturing, finance, human resources) who
report directly to a senior manager. The core group is dedicated exclusively to
commercializing the innovation and is devoted to delivering a system solution to meet
customer needs. Each team member takes responsibility for the success of the entire

project not just the contribution of his or her functional area. A contract book is used to
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clearly define the team missipn and expected outcomes. The heavyweight team can exist
within the existing organization if the fit with organizational values is poor but overall
values fit is good. The heavyweight team provides sufficient separation from the parent
organization to permit new processes appropriate for commercializing the innovation to
evolve. For disruptive innovations where the cultural fit with the parent organization is
poor, Christensen suggests spinning out the heavyweight team into a separate
organization. Heavyweight teams work well for commercializing disruptive technology
since they are focused and agile and can get excited about the initially small payoffs from
new businesses. |

A great examplé of spinning out a heavyweight team in order to successfully
bring a disruptive technology to market is HP’s inkjet business.[7] At the time inkjet
printing was invented HP’s printing business was basg:d on laser printers and was located
in Boise, Idaho. Although the two marking technologies had a number of similarities,
the business values were fundamentally different. Compared to laser printers, inkjet
printers were lower cost, lower margin, lower performance products that were aimed
more at home or personal printing rather than office or workgroup printing.  This
difference in values led HP to start up a brand new site, remote from Boise, in
Vancouver, Washington, to focus on in];jet printer development and manufacturing. New
divisions were also started up at existing sites in Corvallis, Oregon, and San Diego to
support the inkjet work in Vancouver. This spinout strategy allowed evolution of new
values and processes appropriate for the inkjet business.

One problem with the heavyweight team idea is tha;c if done on a widespread basis

there is a risk of corporate fragmentation and loss in knowledge sharing. In the extreme
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case a corporation becomes a very loose collection of autonomous business units. Séme
of the advantages of belonging to a larger parent company are thus lost. Ghosal and
Gratton suggest a horizontal integration approach that provides needed integration in four
key areas without strangling entrepreneurial organizations with a vertical command and
control structure.[35]  This approach starts with a common IT infrastructure and
knowledge database across all business units. Although this seems like common sense,
autonomous business units will make different choices in these areas unless there is a
corporate mandate for commonality. For example, prior to Carly Fiorina’s reorganization
of HP in 2001, each of its 83 product divisions had its own financial reporting
system.[36]  Ghosal and Gratton recommend that the common IT infrastructure and
knowledge database, which provide operational and intellectual infégratidn, be
supﬁlemented with social and emotional integration.  Social integration is defined as
active interactions between business unit managers and can be achieved thrdugh
collective bonds of performance. For example, social integration at BP is accomplished
through a peer challenge system in which business unit managers must gain approval of
their annual performance goals not from top management but instead from a peer group
consisting of managers of similar businesses within the company.  Peer review helps
eliminate sandbagging and insures thatea(i:l: bﬁélness unit contnbutes1ts fair share to %he
overall performance of the companyfv' LIn'ddvc;lilti‘orll, ma‘riagervs‘" at the top Vpei:fblrﬁaiﬁg
business units are requiréd to‘help those at the bottom to improve. This system helps
drive implementation of best practices across the company.

Finally, emotional integration is achieved by emphasizing important cultural

values that are important in all business units across the company. Goldman Sachs has a
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unifying value around client service while Johnson & Johnson has its Credo which
summarizes strong commitment to customers, employees and community.[37] The HP
Way expresses a similar set of company—wide cultii;e_il“yalues at Hewlett-Packard.
Emotional integration can be further enhanced through compensation or bonus schemes
that are based on overall company performance, not that of a specific division.

To summarize, it is very difficult to successfully commercialize a disruptive
technology within a large organization focused on an existing core business. The very
management practices that led to the successful core business result in “active interia”,
core rigidities, and processes and values inappropriate for the new business. A small,
focused heavyweight team in a spinoui organization, either inside or outside of the parent

company, has the best chance of success.

4.3 Commercialization Strategies

Once a firm has chosen an appropriate organizational structure to avoid the
“Innovator’s Dilemma”, the group responsible for commercializing a product based on
the new technology must decide how best to get the product to market. The strategy that
worked well for the parent organization may very well not be the right approach. A
common pitfall is to attempt to enter a mainstream market right away. Mainstream
markets are heavily defended by incumbents who have signiﬂcant learning curve and
economy of scale advantages. They will fight fiercely to defend their core business.
Further, a strategy to attack a mainstream market right away often depends upon a major
technological breakthrough, which _acids ”additional risk. ” R&D iiivgstment to achieve

significant breakthroughs should be done carefully with the customer needs and benefits
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clearly in mind.[32] A better approach is to find a market which values the current
attributes of the technology.{ This market"is; 'likély to be a niche market réfhe}'fﬁﬁn a
mainstream one. Profits from the niche market cz;n help pay for investments to imprbvé
the technology over time so that other niéhe mé,rkets, and e{fentually lafger mainstream
markets can be successfully entered.[6] But which markets to target?

Christensen suggests going after the least-demanding tiers of an existing market
where the prevailing product or process over Serves at least part of the customer basé;[?»]
The key to this “attack from the low-end” strategy is to find markets where the prevailing
product is more than good enough. The litmus test is whether or not customers in a given
market tier are willing to pay a price premium for further improvements in ﬁmctidnﬁiity,
reliability or convenience. If so, then a disruption from the low-end is unlikely to be
successful.  Successful disruption from the low-end also requires a different business
model from the mainstream competitors. This business model should support pricing that
attracts low-end business while still offering attractive margins.

Another strategy is to create a new market of customers that are unable to use
existing products or services due to their high cost or complexity.[3] The idea here is to
compete against non-consumption rather than to try to steal customers from an
established competitor. This approach is most likely to be successful if it results in a
simple product that helps customers more easily and effectively do what they are already
doing. A business model which requires customers to want to do something that had not
been a priority before is likely to fail.

The original Netscape and Mosaic web browsers represent a great example of

competing against non-consumption. They allowed non-experts to tap the power of the
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internet for the first time. Another example is Southwest Airline’s short hop direct flight
service. This service made it possible for customers to c<')l1»1v‘renier‘1tly travel moderate
distances quickly, which was often not possible with a cér. or the 1afger airlineé’ hub
systems, d

When an existing firm attempts to enter a new business, the best approach may
not be to do all the development internally. Roberts and Berry proyide a very useful
framework for selection of new business strategies based upon the organization’s
familiarity with the market and with the technologiés embodied in the product or
service.[38] See Figure 12. The suggested strategies range from internal development
and acquisitions when the familiarity with both the market and technology is relatively
high to licensing, joint ventures and venture capital investments when familiarity with
This framework suggests that internal

both the market and technology is low.

development makes sense only when the firm is relatively familiar with

Figure 12. Optimum Market Entry Strategies
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both the market and the technology. Ouiside the iower lefi-hand corner of Figure 12 new
venture success is signiﬁcahtlyahighe} if elternative strategies are employed. The Roberts
and Berry f;amework shows that an existing‘ﬁrrri can be successful with new ventures i’n
unfamiliar areas if they are willing to work outside their own organization.

A second valuable framewc;fk of cemr.nercializa‘tion' strategies for new businesses
is provided by Gans and Stern.[39] This framework, which builds updn important earlier
work by Teece, suggests strategies for dealing with incumbents.[40] Specifically, Gans
and Stern suggest strategies based on excludability of the innovation and the value of the

incumbent’s complementary assets. See Figlire 13.  For each scenario, strategies are

Figure 13. Commercialization Strategy Environments
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i
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Ref. [39]

provided for both a startup and incumbent and the expected competitive dynamics are
discussed. The startup organization is in the strongest position (Greenfield

Competition) when excludability is high (i.e., the incumbent cannot easily copy the
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innovation due to patents or lack of key tacit knowledge) and the incumbent’s
complementary assets (manufacturing ability, distribution channels, brand, etc.) do not
contribute significantly to the value proposition of the innovation. Here the startup can
choose between contracting and product market entry; performance depends upon the
strength of technological competition. The incumbent firm has the upper hand when
excludability is low and its complementary assets are important for commercializing the
innovation (Reputation-Based Ideas Trading). Here the incumbent can choose to either
ignore the startup or engage in trust-based trading of ideas. In the other two scenarios,
the startup either has a strong incentive to contract with incumbents (Ideas Factory) or to

move quickly to exploit its technology advantage (Attacker’s Advantage).

5. Conclusion

This review has covered management literature related to disruptive technology,
technology diffusion, and commercialization strategies for new technologies with the
intention of providing insights on how inkjet might be successfully introduced as a
disruptive process technology in alnew industry such as circuits or displays. Important
lessons can be distilled from the literature on how to identify a disruptive technology,
find a promising market and create an effective introduction strategy, and manage the
adoption (diffusion) process. Key lessons for this review that are directly relevant for
successful introduction of inkjet as a disruptive process technology:

e First and foremost, the inkjet process innovation must offer real compelling benefits

that produce significant cost reductions and/or productivity improvements.
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The innovation should target a well-defined niche market to induce networking
effects and reduce learning costs. Ideally this market should be a new one where
important, yet unmet needs can be addressed, or an existing market where disruption
from below 1s possible.

Target customers, which will be firms for a process innovation, should be chosen
carefully with an eye towards whether the innovation is disrubtive to that firm’s
existing business. If the process innovation is disruptive to a potential customer’s
existing technology a more effective strategy may be to compete against them rather
than sell to them.

Inkjet-based process technology must deliver a “whole product” including all service
and support needed to insure that the customer realizes the full value proposition of
the product; this will reduce uncertainty and speed diffusion. A whole product
commitment is essential to “crossing the chasm” and insuring adoption of the
innovation by pragmatic, mainstream firms.

The right kind of information must be provided at each stage of the adoption procéss:
mass media to generate awareness, followed by personal references and contact
during the evaluation stage, and closé support during the trial step. Making it easier
for a potential adopter to try the technology on a limited basis can help speed
diffusion (divisibility).

Creating the right organizational structure is important for success.
Commercialization of a disruptive technology within a large organization that is

focused on a different core business is often difficult. Successful deployment of
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inkjet as a disruptive technology by an existing inkjet player will likely require an
internal or external spinout organization.

¢ Doing all development internally is often not the best or fastest way to get new
technologies to market. Other strategies, such as licensing, joint ventures or
acquisitions should be considered depending upon factors such as familiarity with the
market and technology, excludability of the technology and the importance of

incumbent’s complementary assets.

Building a business strategy around these key ideas will maximize the chances of

inkjet becoming a disruptive technology in new industries.

6. References

1. Christensen, C., Making Friend with Disruptive Technology. Strategy &
Leadership, 2001. 10(Mar/Apr).

2. Christensen, C., T. Craig, and S. Hart, The Great Disruption. Foreign Affairs,
2001. 80(2): p. 80.

3. Christensen, C., M. Johnson, and D. Rigby, Foundations for Growth: How To
Identify and Build Disruptive New Businesses. MIT Sloan Management Review,
2002(Spring): p. 22.

4. Christensen, C., M. Raynor, and M. Verlinden, Skate to Where the Money Will
Be. Harvard Business Review, 2001. 79(10, November): p. 72.

5. Christensen, C. M., Exploring the Limits of the Technology S-Curve: Part I:
Component Technologies. Product and Operations Management, 1992. 1(4): p.
334.

6. Christensen, C. M., The Innovator's Dilemma. 1997: Harvard Business School
Press.

7. Christensen, C. M. and M. Overdorf, The Challenge of Disruptive Change.
Harvard Business Review, 2000(March-April): p. 67.

Chapter 2 p6lof178



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Christensen, C.M. and R.S. Rosenbloom, Explaining the attacher's advantage:
technological paradigms, organizational dynamics, and the value network.
Research Policy, 1995. 24: p. 233.

Rosenbloom, R S. and C.M. Christensen, Technological Discontinuities:
Organizational Capabilities and Strategic Commitments. Industrial and Corporate
Change, 1994. 3(3): p. 655.

Tushman, M.L. and P. Anderson, Technological Discontinuities and Organization
Environments. Administrative Science Quarterly, 1986. 31(3): p. 439.

Henderson, R. and K. Clark, Architectural Innovation: The Reconfiguration of
Existing Product Technologies and teh Failure of Established Firms".
Administrative Science Quarterly, 1990. 35(1): p. 9.

Fafii, F. and P. Kampas, How to Identify Your Enemies Before 1hey Destroy You.
Harvard Business Review, 2002(November): p. 115.

Acee, H., Disruptive Technologies: An Expanded View (MIT Masters Thesis), in
Sloan School of Management. 2001, MIT: Cambridge, MA.

Verlinden, M., S. King, and C. Christensen, Seeing Beyond Moore's Law.
Semiconductor International, 2002(July).

Fine, C., 15.795 Class Slide Set: Technology Roadmapping. Fall 2002.
Watson, N., What's Wrong With This Printer?, in Fortune. 2/17/03.

Utterback, J.W., Mastering the Dynamics of Innovation. 1994, Boston: Harvard
Business School Press.

Tarde, G. and M. Parsons, The Law of Imitation. 1903, New York: H. Holt & Co.
Rogers, E., Diffusion of Innovations. 1962, New York: The Free Press of Glencoe.

Hoppe, H., The Timing of New Technology Adoption. The Manchester School,
2002. 70(1): p. 56.

Rogers, E., Communication of Innovations: A Cross-Cultural Approach. 1971,
New York: The Free Press.

Moore, G.A., Crossing the Chasm. 1991, New York: Harper Collins.

Davies, S., The Diffusion of Process Innovations. 1979, London: Cambridge
University Press.

Chapter 2 p.62 of 178



24.  Nasbeth, L. and G. Ray, The Diffusion of New Industrial Processes: An
International Study. 1974, London: Cambridge University Press.

25,  Baptista, R., The Diffusion of Process Innovations: A Selective Review.
International Journal of the Economics of Business, 1999. 6(1): p. 107.

26.  Geroski, P., Models of Technology Diffusion. Research Policy, 2000. 29: p. 603.

27.  Woiceshyn, J., Technology Adoption: Organizational Learning in Oil Firms.
Organization Studies, 2002. 21(6): p. 1095.

28.  Yu, L., How Location Clusters Affect Innovation. Sloan Management Review,
2002. 44(1): p. 16.

29.  Thomas, L.A., Adoption order of new technologies in evolving markets. Journal of
Economic Behavior & Organization, 1999. 38. p. 453.

30. Shapiro, C. and HR. Varian, Information Rules. 1999, Boston: Harvard Business
School Press.

31. Fonda, D., Mind Your Own Business, Boys ; Hewlett-Packard's Carly Fiorina is
starting to turn doubters into believers. But can she boost profits while rivals Dell
and IBM attack her flanks?, in Time. 12/2/02.

32. Sull, D.N., Why Good Companies Go Bad. Harvard Business Review, 1999(July-
August): p. 42.

33.  Leonard-Barton, D., Core Capabilities and Core Rigidities: A Paradox in
Managing New Product Development. Strategic Management Journal, 1992. 13:
p. 111.

34.  Clark, K.B. and S.C. Wheelwright, Organizing and Leading Heavyweight Teams.
California Managment Review, 1992(Spring): p. 9.

35.  Ghoshal, S. and L. Gratton, Integrating the Enterprise. MIT Sloan Management
Review, 2002. 44(1): p. 31.

36.  Burrows, P., The Radical: Carly Fiorina's Bold Management Experiment At HP,
in Business Week. 2/19/01.

37.  Aguilar, F.J. and A. Bhambri, Johnson & Johnson (A): Harvard Business School
Case 384-053. 1983.

38.  Roberts, E.B. and C.A. Berry, Entering New Businesses: Selecting Strategies for
Success. Sloan Management Review, 1985(Spring): p. 3.

Chapter 2 p.63 of 178



39. Gans, J. and S. Stern, The Product Market and the Market for "ldeas”:
Commercialization Strategies for Technology Entrepreneurs. Research Policy,
2003. To Be Published.

40.  Teece, D.J., Profiting from technological innovation: Implicatioﬁs for integration,
collaboration, licensing and public policy. Research Policy, 1986. 15; p. 285.

Chapter 2 p.64of 178






Chapter 3

Inkjet Opportunities in the Flat Panel Display Industry
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This chapter explores the potential of ‘inkjet printing to beéé'r‘rle -a diérubtive
technology in the flat panel display industry.  This exploration will begin with
examination of key technology and business‘iSSues in the indu_st.ry; this industry context
is necessary to understand the opportunities for a disruptive technology. The technology
and business discussion will be followed by an analysis of the potential for inkjet to
become a disruptive technology iﬁ the display industry and strategic fecommendations

for how to best exploit this opportunity.

1. Introduction

The display industry was born with the invention of the cathode ray tube (CRT) in
1897.[1] Applications were chiefly limited to scientific and military instruments until
the home TV was successfully commercialized in the late 1940s.[2] The popularity of
home TV led to the initial large scale manufacturing of video displays. The development
of computing technology in the 1960s and 1970s led to additional demand for display
terminals, initially for mainframe and minicomputers and, by the 1980s, for personal
computers as well.[3] The 1990s saw the advent of large screen televisions as well as of
portable computers and handheld computing appliances (PDAs, cell phones, GameBoys,
digital cameras); these products represented entirely new markets for both large and small
display devices.

These newer markets are not well served by CRT technology; the cathode ray
tube itself cannot be made small enough for portable devices and becomes too bulky for
large displays. CRT technology is very mature and is gradually being replaced by new,

more advanced display technologies that can better meet the needs of both existing and
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emerging markets.[4] This roadmap discussion will, therefore, focus on these new
display technologies, which shall be collectively referred to as flat panel displays (FPDs)
since one attribute the new technologies all have in common is dramatic reduction in the
depth of the display device compared to a CRT. In particular, discussion will focus on
today’s dominant flat panel technology (Liquid Crystal Displays, LCDs) and the most
promising technology of the future (displays based upon organic light-emitting diodes,
OLEDs). It is in the emerging OLED display area where inkjet may become a critical

enabling technology.

2. Flat Panel Display Industry Value Chain

The value chain for the flat panel display industry is shown in Figure 1.

Figure 1: Display Industry Value Chain

i >>’::§““"

At the left is R&D for new display technologies. Next comes manufacturing of

all the inputs required to create flat panel displays. These inputs include liquid crystal or
organic LED chemicals, glass or plastic substrates, filters, polarizing films, and
backlights. The third stage in the chain is development of the process equipment required
to manufacture the panels. This equipment is usually not produced by the display
companies themselves but is procured from companies that specialize in tooling
fabrication.

Since LCD technology is mature and a dominant design exists there is little

product development activity in these first three stages of the value chain. OLED
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display development, on the other hand, is still in the fluid phase. Firms are competing to
establish the dominant design so there is significant development activity in R&D,
materials manufacturing and process equipment.

The next two steps (highlighted in yellow) are the core of the value chain and
include the production of the display itself as well as the necessary control electronics
(backplanes and display driver chips). Large capital investments are required for these
stages. These steps are followed by integration of the displays into end products and,
finally, delivery to customers. The value chain will be discussed in more detail in the

Industry Structure section.

3. Display Technology

The flat panel display industry generated over $22 billion in revenue in 2001.
Figure 2 shows industry revenues since 1996 and also includes analyst forecasts, which

predict growth to over $40 billion by 2005.[5]

Figure 2: Worldwide Flat Panel Industry Revenue
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The great majority of industry revenue (89% in 2001) comes from displays based
on LCD technology and the bulk of this revenue (66% in 2001) is from active matrix
(AM) LCD displays. A breakdown of products using active matrix LCD displays is
shown in Figure 3. The large “other” category is testimony to the wide use of these
displays in a broad variety of both consumer and industrial products. On a panel area
basis, however, 90% of the demand comes from monitors, notebook PCs and televisions.

A breakdown of demand for large flat panels is shown in Figure 4.

Figure 3 WW Active Matrix LCD Demand | Figure 4 WW Large Panel Shipments
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Source: Ref. [5]

In order to understand the technology dynamics in the display industry it is

important to understand something about the dominant LCD technology.

3.1 Liquid Crystal Displays

As the name implies, liquid crystal displays are based on liquid crystal polymers.
This liquid crystal material itself does not emit light but rather serves as a shutter that
regulates light in order turn each pixel in a display on or off. The light itself is provided

| by backlights (usually a mercury lamp) in the case of large format displays (laptops,
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monitors, and TVs) and by ambient light in the case of small reflective displays such as
those used for watches, calculators, and some PDAs. LCD physics is based on the ability
of liquid crystals to polarize light. The polarity state of the liquid crystals can be altered
by application of electric current. For a good introduction on how LCDs work see
Ref.[6].

A critical technology dynamics factor for LCD displays is that they are complex
devices, which are expensive to manufacture. Up to one-third of the cost of a laptop

computer derives from the LCD display! [7]

Figure 5: Diagrams of LCD (left) and OLED (right) displays

Cleaner Design, Brighter Image

Data
icolurani line

Color-
fayer

Polarizer
Nabaggage: An active-

matrix, color arganic light- mﬂ‘;:m
emitting diode inight) can be viewed as

a streambined version of a liquid aystal display

tlaft). The basic structure thin organic light emitters

sandwiched between s cathode and a glass anode Gone are the
bulky diffuser. polanzers, and ome of the glass substeates.

Source: Ref. [7]

A simplified LCD cross-section is shown in Figure 5. A single pixel
monochrome LCD display requires two layers of glass, two polarizing filters, an indium-
tin oxide electrode plane, a mirror or backlight, as well as a layer of the liquid crystal

material itself. Color displays are created by dividing each pixel into three sub-pixels and
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adding a color filter layer to make the subpixels red, green and blue. By varying voltage
to the subpixels, 256 intensity levels can be achieved for each of the primary colors.
Combining intensity levels among the subpixels enables a palette of over 16 million
colors.

The complexity does not end here. A matrix backplane is required to permit
control of each individual pixel. The matrix backplane consists of interconnects and
transistors fabricated on a glass substrate located behind the stack of layers required to
implement the LCD itself The backplanes can either be passive or active.

Passive backplanes require a transistor for each row and column; this transistor
can be located on an integrated circuit external to the display. Active matrix backplanes,
on the other hand, require a thin film transistor (TFT) immediately behind each subpixel.
The transistors are fabricated in a silicon layer (amorphous or polysilicon) deposited on
the glass substrate. It is important to note that location of the thin film transistors in active
matrix displays between the LCD layer and the backlight results in limits on the
minimum possible pixel size and thus the maximum resolution of the display.[8] The
size of the pixel must be large relative to the size of the TFT behind it in order in insure
that sufficient light can pass through when the pixel is on.

Passive backplanes are cheaper to manufacture but cannot support high refresh
rates or accurately control voltages at the pixel level, which is important for color
accuracy. Passive matrix backplanes are most often used in handheld devices where
these requirements are less important. Active matrix backplanes are the norm for most
all large format applications, including laptops, desktop monitors and televisions. Here

the expectation to deliver at least CRT-level performance has made this more costly
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technology necessary. Figure 6 shows which products require passive or active matrix

backplanes.
Figure 6 Passive Matrix Active Matrix
Small Screen Cell Phones Cell Phones (3G)
Appliance Displays Digital Camera Displays
PDAs High-end PDAs
Calculators, Watches DVD Players
Large Screen Not Viable - Notebooks
Monitors
TVs

A typical laptop display with 1024x768 resolution requires three transistors per
pixel, one for each subpixel, for a total of over 2.3 millions transistors! If more than a
few of these pixels are bad, the display must be scrapped. Scrap rates as high as 40% are
not uncommon and are an important contributor to the high cost of LCD displays since
the price of the good displays must cover the cost of the scrapped ones. This y:ield
problem only gets worse as display size is increased.

Most active matrix backplanes are fabricated in amorphous silicon; amorphous
silicon has significantly lower carrier mobility than the_{single crystal silicon used for
fabrication of integrated circuits so transistor performance is generally poor. It is good
enough for switching LCD pixels off and on but not adequate for handling the logic and
mixed signal processing required to driye the display. Amorphous silicon active matrix
displays thus require external silicon chips to handlé these functions.

There is, however, an industry trend, led by Toshiba, toward higher performance
matrix backplanes.[S] These backplanes use a polysilicon instead of amorphous silicon
substrate. Carrier mobilities are much higher, around 90% of that possible with single

crystal silicon, thus permitting integration of much of the logic handled by external chips’
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in amorphous silicon displays. The polysilicon backplanes are more expensive to
manufacture but this integration provides cost savings for devices with smaller displays
where external display driver chips are a higher fraction of the total display cost.
Elimination of external driver chips also reduces weight and enables thinner form factors.
Over time, as yields improve and costs decrease polysilicon backplanes should migrate to
larger display products such as notebook computers and monitors.

Polysilicon backplanes are very important for the technology dynamics for
displays because, in addition to enabling cost savings for LCD displays they are
absolutely necessary for larger OLED displays.

In addition to their high cost and complexity, LCD displays are rigid, fragile and
suffer from image quality problems. These issues are directly related to their
architecture. The many layers of glass and filters required to make an LCD display limit
light transmission, thus reducing brightness and contrast, and constraining viewing angle.
Power consumption is also high since a bright backlight must always be on regardless on
how many pixels are lit.[9] Displays are the major power consumer in laptops and are
largely responsible for short battery life. Furthér, even fast switching active matrix
technology has trouble with high frame rate video applications.

The weaknesses of the dominant I;CI")”tebchnonogy, espécially price and ls’ub—p.ar
image attributes, are important for technélogy dynamics since emerging technologies
must successfully address these weaknesses in order to gain market share. For example,
LCD technology is currently not economical for screen sizes above 30” (diagonal).[5]

The primary flat panel technology for larger screen sizes is plasma displays.[10]
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3.2 Plasma Displays

Plasma displays are very expensive; prices are around $100 per diagonal inch.
Prices start at $3500 for a 32” unit and go up from there [10] They can, however, be
manufactured in sizes up to 50” and are currently used chiefly for niche business and
_commercial applications such as information displays for airports and high-end
presentation displays for conference rooms. The consumer big screen TV market is,
however, becoming an important growth driver.[5] Plasma displays provide a thin form
factor alternative to bulky rear-projection systems for home theatres.

With plasma displays, each red, green and blue subpixel is individually lit;
intensity is varied by adjusting the number and width of voltage pulses applied to each
cell. The result is a nice bright image without the viewing angle problems common with
LCDs. Image quality is not yet equal to that of top quality CRTs but the technology is
improving. In spite of their advantages over LCDs, plasma display technology is likely
to be competitive only in the market for very large displays. Plasma displays are not
economical at sizes below 30” where there is tough competition from LCD and,
especially, traditional CRT technology.

Note that L.CD suppliers have not given up on the large screen market. The
newest LCD fabs under constructions will be able to produce panels using 1500mm x
1800 mm substrates. These fabs will be able to produce 40” and larger LCD televisions
and displays that should be competitive with plasma displays. Sharp expects to begin
volume production in such a fab next January and is so confident in their eventual

success that they have decided to drop their entire plasma television product line.[11]
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3.3 Organic Light Emitting Diodes (LEDs)

The technology more l’ikély} to threaten LCDs in the “mar‘l('e’tﬁfc:)'r"lafgé and small
format displays is that based on c;rganic light-emi&ing diodes (OLEDs)'.' OLEDs were
discovered in 1979 by a Kodak researcher with scientific publication of the results
coming eight years later.[12]

OLEDs are based on the phenomenon of organic electroluminescence. Certain
organic molecules can efficiently convert electricity into light; the color of the emitted
light can be tuned by adjusting the chemistry. ‘Further, the light from the molecules can
be switched off and on very rapidly. These features make OLEDs a very compelling
display technology that could potehti;liy dlsrupt the LCD ﬁege‘m‘ony.r o -

The OLED display architecture is much simpler than that for LCDs (see Figure
5). Since the OLEDs emit light direcﬂy there is no need for the polarizers, backlights,
color filters and diffusers required for LCDs. This simplicity makes OLED displays
thinner and lighter than their LCD counterparts and could also translate into
manufacturing costs that are 20-50% lower.[7][13] Further, OLEDs offer superior
brightness (visible even in bright daylight), contrast, and image quality. OLEDs also
have a big advantage in power efficiency since there is no backlight and only the pixels
that are on consume energy. A laptop with an OLED display could have a 10 hour
battéry life vs. 2 or 3 hours with today’s best LCD-equipped models.[9] In short, OLED
displays are everything that LCD displays are ﬁot; they seem to offer both higher
performance and lower cost. |

The promise of OLED displays has attracted a large number of companies that

hope to create and capture value in this emerging market. Over 80 companies worldwide
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are involved in the OLED business.[7] The OLED market had only $100M in revenues
in 2002 but is projected to grow at a CAGR of 74% to reach $2.8B by 2008 (see Figure
7).[14] There are currently four different OLED technologies competing to become the

dominant design.

Figure 7: Projected OLED Revenue Growth (WW)
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3.3.1 Competing OLED Technologies

The leading contender at present is Kodak’s fluorescent small molecule OLED
technology. This technology has been under development the longest and has already
been commercialized in several products, including a car audio system and cell phone.
See Figure 8. Kodak has also broadly licensed their technology, chiefly to Asian
companies already in the flat panel display business. See Figure 9.

Kodak’s technology lead stems from the fact that small molecule OLEDs were
invented first and from the fact that the manufacturing approach leverages process
technology used for LCDs. Small molecule OLED material is deposited using a vacuum

vapor deposition process. The OLED material is vaporized in a vacuum system and then
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Figure 8 Matrix of Product and Display Technologies
5% = OLED Milestone _ L L
Product 1995-1999 | 2000-2004 | 2005-2009 | 2010-2014 | 2015-2019
Sm. LCD LCD LCD OLED OLED
Appliance A ¢ w OLED LCD
Cell Phone |LCD LCD LCD OLED OLED
'i? OLED LCD
LCD |
PDAs LCD LCD LCD OLED OLED
OLED LCD LCD
Notebooks | LCD LCD LCD LCD OLED
fal OLED  |LCD
Monitors CRT CRT LCD LCD OLED
LCD CRT OLED LCD
Televisions | CRT CRT CRT LCD LCD
LCD LCD CRT OLED
OLED __ |CRT
Large Projection | Projection | Plasma Plasma LCD
Screen Plasma LCD LCD OLED
Projection OLED Plasma
Flexible N/A N/A N/A Small Large
Displays OLED OLED

Sources: [5, 15-17]
Note: Technologies in a given box listed in order of prevalence. Future prevalence orders
are educated guesses.

OLED Milestones (denoted by starssy in table above)

1979 — Discovery of small molecule OLEDs at Kodak

1989 — Discovery of light-emitting polymers at Cambridge Univ.

1999 — First small molecule OLED display introduced (Pioneer car audio display,
monochrome, PM) ‘

2000 — First cell phone introduced with OLED display (Motorola, 2 color, PM)

2002 — First polymer QLED product introduced (Philips shaver, monochrome, PM)
2002 — First cell introduced with full color OLED display (Samsung-NEC, PM)

2002 — Kodak introduces first full-color, AM OLED display, 5.48 cm (2.16 in)

2002 - Sony demos prototype of 13” AM-OLED display

condenses onto a cooled display substrate. A shadow mask is used to control location of
each subpixel-sized spot of material.[7] Although this fabrication approach is relatively

well understood, it is both costly and delicate. Another problem with small molecule
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OLEDs is poor power efficiency, which may limit their

applications.[5]

use to small screen

Figure 9: Alliances and Partnerships
Company Kodak Cambridge Display Universal Display
_| Technology Corp.
Material Type | Fluorescent Small | Light Emitting Phosphorescent
Molecule Polymer & Dendrimer | Small Molecule
OEMs, Denso Microemissive Samsung
Partners Emagin Displays Motorola
Lite Array Opsys (IP) Sony
NEC Osram DuPont
Nippon Seiko Philips
Opsys Dow
Opto Tech
Pioneer
Ritek
Rohm
Samsung
Sanyo (JV)
SNMD
Sumitomo
TDK
Teco
Varitronix
Optrex
Chemicals Kodak Covion PPG
DuPont
Hoechst
Dow
Process Ulvac Seiko Epson Aixtron
Equip. Litrex (acquisition)

A competing technology is being developed by Cambridge Display Technology

(CDT) (Cambridge, U.K.) and its partners. The CDT OLED is based on light-emitting

polymers (LEPs), which are much larger molecules than those used by Kodak.[7, 18] An

important advantage of LEPs is that they can be readily dissolved in liquids.

The

solubility of the CDT’s light-emitting polymefé means that they can be applied to

substrates by spraying or by using low cost printing technologies such as inkjet. [9] The
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process technology required to print polymer OLED materials is immature but has the
potential to be much cheaper than the more mature vacuum deposition process required
for Kodak’s small molecule materials and standard LCD processing. The big cost
savings will be realized with the use of plastic substrates since they would allow
deposition of display materials in a roll-to-roll process similar to that used for printing
newspapers. If such plastic substrates can be used for both the display materials and the
backplane electronics (see Chapter 4) then a truly flexible display could be produced.
Applications might include a roll-up display for laptops or very thin, lightweight wall
mounted displays for home and commercial use. The biggest obstacle to use of plastic
substrates is their permeability to moisture and oxygen, which degrade the OLED
material.[13]

The development of printing technologies for LEPs is perhaps the best
opportunity for existing inkjet cornpanies to capture value in the OLED industry.
Competencies in developing and driving printheads for traditional printing applications
are directly relevant for deposition of OLED materials. Philips, CDT and others are
already experimenting with inkjet deposition techniques.[13, 19] CDT recently acquired
Litrex, a Fremont, California, startup that has developed a piezo inkjet-based machine
tool for deposition of OLED materials.[20, 21] CDT is also partnering with Seiko Epson,
the lone piezoelectric player in the mainstream in]v(j‘et printing rnarket, as Well as a
manufacturer of active matrix backplanes.

There is, however, no guarantee that inkjei will become the printing method of
choice for OLEDs. Toppan, a Japanese printing company, and world leader in

production of color filters for LCD displays has recently announced acquisition of an
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equity position in CDT and plans for joint development of OLED displays using light-
emitting polymer technology.[22] CDT is clearly hedging their bets on which process
technology will be best for creating LEP displays.

A third technology being developed for the OLED display market is
phosphorescent OLEDs (PHOLEDs). This technology is being developed by Universal
Display Corporation (UDC, New Jersey) and research partners at Princeton and the
University of Southern California. Phosphorescent OLEDs offer the potential of near
100% efficiency as opposed to a maximum of around 25% for fluorescent OLEDs.[23]
UDC has demonstrated better power efficiency (candelas/Amp) for all three primary
colors (red, green blue) than is possible with either Kodak’s small molecule or CDT’s

LEP technology.[5] See Figure 10. This higher power efficiency translates into longer

| Figure 10: OLED Lifetime vs. Power Efficiency
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Source: Ref. [5], UDC = Universal Display Corporation; KDK = Kodak; CDT =
Cambridge Display Technologies

battery life for hand-held devices such as cell phone and PDAs. UDC recently

announced a strategic alliance with DuPont to produce a printable phosphorescent OLED
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material [24] Such a material would combine the performance advantage of small
molecule OLEDs with the printability of polymer OLEDs.

UDC has not lined up as many partners and licensees as Kodak or CDT but has
forged key partnerships across the supply chain to allow them to take their technology to
market. Although UDC has not yet commercialized a product based on their technology
they recently demonstrated a working prototype of a cell phone (produced by partner
Samsung) with a full-color active matrix display based on the PHOLED technology.[25]

The fourth OLED technology under development is based on dendrimer
technology being developed by Opsys Displays in Oxford, UK. Opsys was founded in
1997 and is a spin-out of Oxford University.[26] Dendrimer-based OLEDs have the
potential to combine the best aspects of small molecule and polymer OLEDs.
Dendrimers are large, sphere-shaped macromolecules with a light-emitting core. The
core is connected by branching groups (dendrons) to surface groups. The surface groups
can be engineered to improve process characteristics without affecting performance of
the light emitting core within. The ultimate goal is to create a phosphorescent OLED
material that can be solution processed. In this respect, the goals of the dendrimer
technology are very similar to what UDC is trying to achieve with their alliance with
DuPont. Although dendrimer OLED technology has yet to be commercialized, it is
attracting significant interest in the industry. In fact, Cambridge Display Technology
recently acquired Opsys’ entire dendrimer business. This move was likely intended to

diversify CDT’s OLED investment risk.
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3.3.2 OLED Technical Challenges

Despite the exciting promise of the four contending OLED display technologies,
there are significant technical obstacles. One important issue is device lifetime and
stability. Differential fading of the LEDs can occur in just one month of on time and
LED lifetimes can be as short as 1000 hours.[7] These shortcomings must be resolved
before OLED displays can be used in high “on time” applications such as monitors and
TVs. Short OLED lifetimes are, however, not a major issue for low on-time, small
screen applications such as cell phones, and audio and appliance displays. For example,
cell phone screens typically see only about 200 hours of use before being replaced. It is
in these markets where OLED is finding a commercial “beachhead”. See Figure 8.

The first significant commercial applications for OLED displays have been color
displays for high-end cell phones. This application requires only a small screen and plays
well to OLED’s strong video performance and low power consumption. Growth in
demand for 3G cell phones should enable OLED displays to capture a significant share of
the cell phone display market, which is estimated to by grow to $7.5B by 2005.[7] Other
early opportunities for OLEDs include viewfinders for digital cameras and PDA displays.
Ironically, OLEDs are also being investigated as more efficient backlight sources for
traditional LCD displays. The biggest opportunity for OLEDs is to make sufficient
improvements (lifetime, cost) to be able to take on LCDs in the market for the larger
displays (>15”) used in laptops, monitors and TVs. Such improvements, however, are
probably 5-10 years away. Figure 8 shows the predicted advance of OLED technology

into various markets over time.
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Another issue is that OLED displays, like LCDs, require matrix backplanes to
enable their operation. Passive matrix backplanes for OLEDs can only drive small
displays (160x120 pixels) before hitting voltage limits; active matrix backplanes are thus
required for most applications. Active matrix backplanes for OLEDs require several
transistors per pixel to achieve the needed current control and are thus even more
complex and expensive than those required for LCDs.

Fortunately, the higher performance polysilicon backplane technology being
developed for the LCD industry can support the additional logic required for OLED
active matrix backplanes. The polysilicon backplanes are, however, more c¢xpensive than
the amorphous silicon backplanes used in most LCD displays and offset some of the
OLED cost advantage. OLEDs ability to leverage a key enabling technology for LCD
displays make it a modular rather than a radical innovation and should help speed its
adoption.

Fabrication costs also pose a challenge. Although OLED displays should have a
cost advantage after several years of high volume production, the technology will
probably be more expensive initially due to high startup costs and low yields. Major
cost breakthroughs are possible if low cost roll-to-roll processing can be realized.[13]
Roll-to-roll processing not only requires deposition of OLED materials on plastic but also
development of better packaging and encapsulation methods to protect sensitive OLED

materials from light and oxygen.

3.4 Innovation Dynamics

The display industry is a slow clockspeed industry.[27] 1t takes a long time for

display innovations to be commercialized and to displace the dominant design. Over the
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last century there have only been a few major display innovations, such as the transition
from black-and-white to color CRTs and introduction of LCD flat panel displays.[9] The
displacement of LCD displays by OLED displays may be the next major transition.
Evidence of this slow clockspeed is provided in Figure 11. For example, the CRT
was invented in 1897, first commercialized in the late 1940s and is still the dominant
large display technology today. LCD technology, invented in 1968, is just beginning to
displace CRTs in markets where the two technologies compete.  Similarly OLEDs,
discovered in 1979 and first announced in the scientific literature in 1987, are just

beginning to be commercialized in one or two narrow market segments.[12]

Figure 11: Display Technology Timelines
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Innovations in display technology do not always come from within the
mainstream industry. For example, the major OLED technologies were either developed
by a firm outside the industry (Kodak) or in university research labs (Cambridge,
Princeton, Oxford) that later spun out startup companies.

LCD display technology, on the other hand, did have its origins within the
mainstream industry. It was initially developed in the 1960s by scientists at RCA, a

major player in the television manufacturing industry at the time.[28, 29] This research
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was motivated by RCA’s chief executive David Sarnoff, who had the vision of a wall-
mounted television. Altho‘u"gh RCA invented LCD 'd.is'ialays, they decided not to pufsiie
their commércializaﬁon, perﬁéf)g ‘because fcflgéréi(iilsiﬁléys did not sétiéfy needs of exlstmg
customers. RCA engineers then left ‘t:he .c'ompahy and founded LCD stértups';' such as
Optel and Microma.  Sarnoff’s dream of a thin wall-mounted television was finally
realized in 1988 when Sharp demonstrated a 14-inch color LCD display. RCA’s failure
to successfully commercialize disruptive LCD technology is very similar to dynamics of
the disk drive industry, studied by Christensen, where leading companies conSistehtly
failed to recognize disruptive technologies until it was too late.[30]

The diffusion of new display technologies is strongly influenced by the type of
market in which they are introduced. Diffusion of new display technologies is slower in
established markets where they must compete directly with the dominant technology as
LCDs are doing in the monitor and TV markets. Here, cost plays a dominant role in
driving display transitions.[14] Diffusion is faster when the dominant technology is not
well suited to a new market; the rapid adoption of LCDs for laptop displays is a case in
point.

The latter is a good example of the “compete against non-consumption” strategy
suggested by Clay Christensen.[31] LCD displays helped to create a whole new
portable computer market that had not existed before. Early portable computers, based
on CRT displays, such as the Osborne, were just too big and clumsy for most people to
use.[32]

LCD displays followed the “disrupt from below” trajectory into the mainstream

display market; Christensen suggéé’fs that this pattem is t'yjp>i‘cj:'al of disruptive
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technologies. See Figure 12. LCD displays were first adopted in niche markets such as
calculators and watches where ancillary factors such as power requirements and form
factor were more important than the primary CRT performance factors of price and
image quality. LCD displays then appeared in laptop computers and are now attacking
the mainstream CRT markets for televisions and desktop monitors.

LCD displays followed the disrupt from below trajectory into the mainstream
market without ever being cheaper than the mainstream CRT technology (which
Christensen suggests is usually the case). Christensen’s contention that the mainstream
technology will continue to improve until it exceeds what the mainstream market requires
is also not borne out in the case of LCD and CRT displays. In this case, the dominant
CRT technology reached a performance plateau years ago and has not continued to

improve to levels that exceed what customers require.

Figure 12: Christensen’s Disruptive Technology Framework
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Source: Adapted from Ref.[33]

OLED displays do not fit Christensen’s definition of a disruptive technology as

one that has lower performance and lower cost and initially penetrates a niche market on
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the strength of ancillary atiributes. Instead, OLED diﬁplays ﬁave higher performance and
higher cost than the dominant LCD technology and are being introduced into mainstream
markets where LCD displays are well entrenched. So far no major 'appIiCations' have
been identified where OLED displays will not be competing with more mature
technologies.

The major players in the dominant LCD feéhnology are also not behaving
according to the Inmovator’s Dilemma model. They are, as Christensen predicts,
improving performance and going after higher margin customers (e.g., 30” and larger
displays) but are also simultaneously aggressively reducing cost to increase market share
in the desktop monitor and smaller screen television (< 30”) markets. The fact that
OLED displays do not fit with Christensen’s framework certainly does not mean that they
will not be successful in eventually displacing LCDs; it is indication, however, that this

transition is unlikely to happen quickly and easily.

3.5 Technology Summary

LCDs are by far the dominant flat panel display technology and will not easily be
unseated in most applications. LCDs have issues with high cost, image quality, and
power consumption but the major players have strong incentives to make improvements
in these areas. Newer flat panel display technologies, plasma and OLED, are attacking
LCDs at the extremes of the display size spectrum. For displays between 15” and 30” in
size LCDs compete chiefly with traditional CRT technology. OLED displays have many
compelling attributes and may eventually make LCDs obsolete but the technology is still
immature and such a displacement is still some years away. Inkjet printing may become

an important enabling technology for manufacturing of OLED displays. Unlike
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Christensen’s disk drives, OLEDs have higher price and higher performance than the
dominant LCD technology and are attempting to compete in mainstream instead of niche

markets.

4. Customer Preferences

Customer preferences are an important driver for development of flat panel
display technology. Key high level customer needs drivers are entertainment and
information. Entertainment needs include high quality, color video-capable displays in
both large (home theatres) and small screen formats (handheld devices). Information
needs include higher resolution, information rich displays, especially for portable
handheld devices, that can improve productivity. The growth in markets for products
with very large and very small displays, where CRT technology is either not suitable or

less desirable, has definitely fueled demand for flat panel displays.

4.1 Needs Hierarchies

Figure 13 shows customer needs hierarchies for displays for both portable
devices, where the display is integrated into a product such as a cell phone or PDA, and
for large stand-alone displays such as computer monitors and large-screen televisions.
Needs hierarchies are somewhat specific to the actual products that the displays are used
in but this division provides a good sense of the differences between these major market
segments.

For portable devices small size and weight are at the bottom level of the needs
hierarchy; displays without these attributes cannot be integrated into handheld or portable

devices. Flat panel displays for portable devices are thus not competing with mature
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CRT technology. Just above size and weight in the needs hierarchy for portable displays
comes power consumption. Handheld computing appliances run chiefly on batteries and
the display is typically a major consumer of power. More power efficient displays can

significantly extend battery life.

Figure 13: Customer Needs Hierarchies for Portable and Stand-Alone Displays

Portable Displays Stand-Alone
Displays

Video Capability

When these needs are met customers focus on image quality, which includes
attributes such as brightness, contrast and resolution. The early Palm Pilot products were
weak here but still saw high adoption rates. High resolution is particularly important for
applications where the display is held close to the eye.

After image quality comes color capability, and finally video capability. Video
capability refers to the ability to display high frame rate video feeds or movies. The
advent of 2.5G and 3G wireless technology is expected to increase demand for displays
that provide color and video capability in mobile environments.[5] Note that for some
portable appliances such as digital cameras or 3G cell phones, color and video capability
is a must, rather than a want attribute.

Stand-alone flat panel displays are used chiefly for desktop monitors and
televisions. In much of this market FPDs, which are currently all LCD based, are

displacing CRTs so the expectations for color and video are based on CRT performance;
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these attributes therefore occupy the lowest level in the needs pyramid. Another low-
level need for large FPDs is affordability; the major factor slowing diffusion of FPDs into
large screen markets is price. For example, 177 CRT monitors are available for less than
$100 while 17” LCD monitors start at about $400.[34] Similarly, a 20” CRT television
retails for about $200 vs $2000 and up for an LCD TV.[34] Demand is proving to be
strongly price elastic so demand is expected to ramp up as prices fall.[5] There is lots of
room for growth since market penetration of FPDs is still quite low, 18 % for desktop
monitors and just 2% for televisions. [5]

Next on the needs hierarchy for large format FPDs are image-related attributes.
This is an area where today’s dominant LCD technology is not particularly strong. LCD
brightness, contrast and viewing angle are customer dissatisfiers. Emerging FPD
technologies, such as OLEDs, address many of these shortcomings.

Further up the needs hierarchy for large FPDs are size and weight. The smaller
size and weight of FPDs compared to CRTs is a major factor driving their adoption.
Computer users appreciate the significant gain in desktop area achieved by switching to
smaller form factor FPDs. Some office users are taking advantage of the smaller FPD
form factor to add a second monitor to their desktops to boost productivity. Television
buyers also appreciate the form factor advantages of FPDs. They are more space
efficient and can even be wall mounted. Further, FPD technology (especially plasma)
scales to screen sizes (>50”) otherwise achievable only with bulky rear-projection
systems.

At the top of the pyramid are attributes like radiation emissions, display lifetime,

resolution and cost of ownership. These are areas where FPDs have advantages over
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CRTs but are unlikely to become important competitive attributes until most of the
lower-level needs are met. High resolution (200 dpi) is particularly important for
handheld and portable devices where viewing distances are less than 12 inches. As

discussed earlier, LCD display architecture limits maximum possible resolution.

4.2 Performance Comparison

Figure 14 compares OLED and LCD performance in areas important to
customers. OLED performance is superior on almost every attribute. This performance
dominance is the key reason that OLED displays are likely to eventually displace LCDs
in both small and large screen applications. Price will be an important factor governing
this displacement rate; development of manufacturing processes capable of producing
OLED displays cost effectively is critical. The history of LCD displays shows the strong
effect high prices have in slowing adoption in markets where the new technology is a
substitute for an existing one. Also, OLED display lifetimes must be improved to 20,000
hours or better to allow the technology to break out of its current low display on-time

product niche.

Figure 14: Comparison of LCD and OLED Displays
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Source: Ref. [35]
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It is an important to note that the government, especially the military, is an
important customer for flat panel display technology. Government needs are typically
well ahead of those of other consumers and help drive development of emerging display
technologies, such as wearable and “heads up” displays. Further discussion of the effect

of government on display technology appears in the Regulatory Policy Dynamics section.

5. Industry & Business Dynamics

5.1 Iindustry Structure

Like the memory chip industry, the LCD display industry is heavily concentrated
in Asia, specifically in Japan, Korea, and Taiwan. Flat panel display manufacturing is
capital and labor intensive and can only be profitably accomplished by large firms with
significant expertise in high tech manufacturing and access to cheap labor. Both memory
chips and LCD flat panel displays are commodity products which require huge capital
investments (a new LCD fab costs $1B) and offer only thin profit margins. The world’s
#1 supplier is Samsung. Other major Korean players are LG Phillips* and Hydis. In
Japan the major firms are Sharp, Hitachi and Toshiba. The major Taiwanese companies
are AU Optronics, Chie Mei Opto and Chungwa Picture. [5]

The structure of the LCD display industry is quite fragmented across the value
chain. See Figure 2. There is no one vertically integrated company that is active in all
segments. Most firms in this industry participate in just one or two stages of the value
chain. Since this industry is quite mature the major players in the R&D stage are chiefly

the R&D departments of large display manufacturers such as Samsung and Sharp.

* A joint venture between Phillips N. V. of the Netherlands and LG Electronics of South Korea.
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Materials suppliers tend to specialize in one key input to the flat panel display such as
glass substrates (Corning, Nippon Sheet Glass), liquid crystal polymer (Merck, Hitachi),
or color filters (Toppan, Dai Nippon) and are rarely the same companies that actually
make the flat panels. Process equipment for the LCD industry is supplied chiefly by
companies such as Applied Materials that make similar equipment for the semiconductor
industry.

The flat panel companies themselves tend to specialize in the complex panel
manufacturing process. Some of them also make their own passive or active matrix
backplanes while others outsource this step. Off-panel display driver chips are typically
supplied by semiconductor companies. Some of the large, diversified Japanese
companies (Hitachi, NEC) have this capability in house. Integration of the displays into
final products is often done by OEMs; however, many of the large Asian companies also
make their own monitors and TVs (Sharp, Hitachi, Samsung). Some companies such as
Three-Five Systems specialize in integration of flat panel displays into specialty products.

Like the LLCD display industry, the OLED industry structure is also quite
fragmented across the value chain. The major differences between the two industries are
in the R&D, materials development and process equipment stages. Participants in the
R&D stage are the firms responsible for invention of one of the four major OLED
technologies (CDT, UDC, and Kodak). With the exception of Kodak, which also has
materials manufacturing capability, these firms license their technology to other firms in
the value chain in order to create products. Firms in the materials stage are all chemical
companies that have arrangements with the OLED technology companies to scale up

manufacturing of OLED materials (e.g., Covion, Dow, DuPont) With the exception of

Chapter 3 p.94 of 178



DuPont these chemical companies are not attempting to participate in othgr stages of the
value chain.

DuPont sees high strategic value in OLEDs and is also making investments in
both R&D and display module manufacturing. R&D investments include acquisition in
2000 of Uniax, a California-based company working in the LEP area.[36] DuPont has
created an Olight brand for their OLED display products and began shipping evaluation
kits to customers in December 2002. [37, 38] DuPont is definitely a company to watch as
the OLED industry evolves. |

A significant weakness in the OLED value chain is in the process equipment
stage. Technology development is particularly immature for polymer OLEDs. There is
considerable excitement over the potential of inkjet technology to evolve into a low cost
manufacturing method but a product based on this approach has yet to be successfully
commercialized. With the exception of Seiko Epson, the companies that are trying to
develop inkjet into an OLED manufacturing technology have little previous experience
with the technology. There appears to be a significant opportunity for major inkjet
players such as HP and Canon to apply their years of inkjet expertise to development of
OLED machine tools.

A key question is whether thermal inkjet, the dominant inkjet technology used for
traditional printing, is well-suited to deposition of OLED materials. All of the OLED
inkjet development so far is based on piezoelectric inkjet. Piezo inkjet seems to have
some advantages in that it does not require vaporization of OLED material in order to

drive drop ejection.
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' The rest of the value chain for OLED di éplé}is looks very similar to that for LCD
displayé. Companies that have licenses to build display panels based on OLED
technology are largely firms that are in the LéD‘Ji’ridus'try‘(é. g,“ Sanisung, PhiIips). These
firms have competehcies in high volume diSﬁlay manufacturing and can leverage their
knowiedge of display control electronics. Finally, integration of the displays into final
products and product distribution will be T:fi‘c"fcoin.ﬁlished in the same way as for LCD
displays. The fact that both LCD and OLED displays use similar matrix backplane

technology makes this task easier.

Figure 15: Double Helix
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Professor Charles Fine of MIT’s Sloan School of Management has developed a
double-helix framework which attempts to explain the evolution of industry structure
over time.[27] See Figure 15. The OLED and LCD display industries are quite dis-
integrated and are on the right-hand side of the helix. Industry forces do not seem to be
driving things back towards a vertically integrated structure very quickly. The last time
the industry was strongly vertically integrated was in the early days of the TV industry in

the 1950s, more than fifty years ago. This very slow transition from integration to dis-
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integration is characteristic of a slow clockspeed industry. As discussed earlier, some

consolidation is expected in the OLED industry once a dominant design emerges.

5.2 Competitive Attributes

Since LCD flat panels are a commodity good the basis for competition is chiefly
price. The major LCD manufacturers are therefore heavily focused on yield
improvement and achievement of scale economies through construction of new fabs that
can handle larger glass substrate sizes.  Yields have improved from 60-70% for
Generation 1 and 2 fabs built in the early 1990s to 90% for the latest Generation 5
factories.

Larger substrate sizes allow more flat panel displays to be produced from the
same piece of glass and thus offer the same advantages that larger wafer sizes offer to
semiconductor companies. The difference is that the LCD substrates are much larger
than wafers. The latest Generation 5 substrates are 1.1 x 1.25 meters and yield a dozen
15” display panels each. Figure 16 shows the aggressive increase in substrate sizes over
time. Substrate areas have doubled every 3.6 years since LCD fabs came on line in 1990.
This compares to a doubling every 7.5 years for silicon substrates.

In the immature OLED display industry the basis of competition is chiefly on the
. performance attributes of the competing technologies.  This type of competition is
expected for an industry that has not yet produced a dominant design. Once a dominant
design emerges the competitive dynamics should become more similar to that for the
mature LCD industry with increased focus on scale economies and process improvements

to reduce cost.
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Figure 16: LCD Substrate Sizes
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Source: Ref. [5]

5.3 Industry Dynamics

The dynamics in the LCD industry are consistent with Utterback’s framework on
industry structure.[40] The LCD display industry is a mature industry, characterized by a
relatively small number of firms and heavy focus on process as opposed to product
innovation. The dominant design for LCD displays is well established so the primary
basis of competition is process innovations to reduce manufacturing cost and to improve
image quality attributes. One opportunity for further efficiencies in the LCD industry
would be standardization of substrate sizes. Within each size generation there are as
many as five slightly different substrate sizes across different companies.[5] These size
differences increase manufacturing costs because process tooling must be customized for
each unique size.

The dynamics in the OLED display industry are quite different but also fit with

Utterback’s framework. This industry is immature and very much in the fluid phase.
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This phase is characterized by a large number of firms competing to establish a dominant
design. At present there are over 80 firms participating in the OLED industry and four
different technologies vying to become the dominant design. Utterback’s framework
suggests that a dominant OLED technology will eventually emerge. Once the dominant
design is determined there will be a significant reduction in the number of participating
firms as companies exit the market, are acquired or go out of business. The remaining
firms will focus increasingly on process innovations to reduce cost and improve

performance.

5.4 Business Cycles

The flat panel display industry is characterized by a strong supply-demand
balance and is strongly cyclical. This cyclical nature is illustrated in Figure 17, which
shows the ratio of capital investment to revenue over time. This metric signals
overinvestment when above 30% and underinvestment when below 20%.[5] This
cyclical trend is driven by the large capacity of new LCD fabs, which introduce
additional supply in large chunks, and the strong price elasticity of demand for LCD
displays in markets where they are substitutes for CRTs. Excess capacity leads to falling
prices; the lower prices fuel demand eventually leading to increasing prices, which finally
leads to another round of overinvestment. This cycle seems to have a period of about
three years based on recent data. The LCD industry is quickly developing the moody
boom-bust dynamics of other electronicés commoditieS sﬁéh as DRAM.[14]

The OLED display industry is too immature to héve developed a chafacteristic
business cycle. The technology is just beginning to .be commercialized and some of the

major players (e.g., UDC, CDT) are still chiefly focused on R&D and process
p
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development.  As the OLED display industry matures the bullwhip effect may impact
the supply chain with companies further upstream seeing stronger cyclicality than those

closer to the end product.

Figure 17: Investment Cycles
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5.5 Corporate Strategy Dynamics

Porter’s Five Forces framework is a useful tool for understanding the strategies
that different firms are pursuing in the flat panel display industry.[41] A Five Forces
model for this industry appears in Figure 18. For the mainstream flat panel display
market, which is chiefly LCD displays for notebooks and monitors, rivalry among
existing firms is high. As discussed above, LCDs have become a high-tech commodity
product and the many firms in the business compete chiefly on price. For these same
reasons, power of buyers is also high. Companies building laptops or monitors have
many flat panel suppliers to choose from. They can switch suppliers relatively easily
due to industry standards for displays.

The threat level of substitutes is high for larger LCD panels that go into desktop

monitors and televisions; here CRTs are well-established and much cheaper. Threat of
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Figure 18: Porter’s Five Forces Analysis of Flat Panel Display Industry
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substitutes is also high for the large display screen (>30”) where plasma displays are
well-established and rear-projection display systems are also an alternative. For smaller
panels used in notebook computers and handheld devices, the threat of substitutes is low.
CRTs aren’t an option here and new technologies such as OLEDs are not yet well
established. However, as OLED technology begins to penetrate the small screen market,
there will be increased cost pressure on LCD manufacturers. Since, LCD display
performance is largely inferior to that of OLEDs, LCD firms will have little choice but to
compete with OLEDs on the basis of cost.

Threat of new entrants is relatively low for mainstream LCD displays. There are
many players already and the high capital costs and low margins are likely to discourage
new players. Further, new entrants are unlikely to enter this market with OLED
technology before the end of the decade. On the other hand, threat of new entrants is
somewhat higher for small screens, where LCD technology is ubiquitous. =~ OLED
technology looks like a credible threat to disrupt this market but significant disruption is

probably 5-10 years out. Finally, power of suppliers to major LCD manufactures is
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moderate. There are several large suppliers for important LCD materials such as liquid
crystal polymer, glass substrates, backlights, and color filters. Suppliers of OLED
material and technology will have high supplier power as this technology becomes more
prevalent. Patent protection of the dominant OLED design should limit the number of
competing firms offering this technology for a while. However, key early patents begin
to expire as early as 2004 for small molecule OLED technology and 2007 for polymer
OLED:s so this supplier power advantage may be short-lived.

The high levels of three of these forces (Rivalry, Buyer Power, and Substitutes)
help explain the fierce competition in the mainstream market and concentration of
manufacturing in Asia where high-tech manufacturing know-how and favorable cost
structures co-exist. These high forces also explain why other firms are not rushing into
the mainstream business and why non—Asian firms are focused on other parts of the
display value chain, such as R&D and customization of displays for specific non-
mainstream markets.

A key driver of corporate strategy for OLEDs is technology uncertainty. A
~ dominant design has yet to emerge and it is still unclear as to which technology will win
in the marketplace. Companies are trying to reduce risk by betting on more than one
technology or limiting their commitment to just a portion of the value chain. Even larger
players like Kodak and Philips are not pursuing a high investment, vertical integration
strategy.  The result is a complex web of licensing, joint development agreements,
alliances and acquisitions. See Figure 9. Asian firms that are heavily invested in LCD
displays are chiefly backing Kodak’s more mature small molecule OLED technology.

The small molecule technology, though probably not the least expensive in the long run,
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allows them to get OLED display products to market sooner to defend their business as
customer awareness of and preference for superior OLED displays develops. European
and US companies that do not have a major LCD business to defend are chiefly backing
the less mature but potentially less expensive polymer or other OLED technologies that

can be solution-processed.

6. Regulatory Policy Dynamics

Significant government support for the U.S. display industry comes from the
military, specifically the Defense Advanced Research Projects Agency (DARPA). The
military views displays as windows into the world of information. Information is an
increasingly important part of modern warfare so advanced display technology is seen as
having high strategic value. DARPA is interested in both rugged, low power,
lightweight, portable displays that can be carried or even worn by individual sb]diers and
very large, high information content displays for use in command posts. DARPA is also
very interested in the benefits ’of flat pénel display technology for military aircraft. Their
impact 1s particularly important for surveillance aircraft such aé JWACS and JSTARS
which have many displays. DARPA estimates that replacing CRT displays in these
planes with flat panel displays would improve mean time between failures (MTBF) from
500 hours to 3300 hours and save over 1000 pounds of weight.[42] DARPA funds
display-related R&D at both companies and universities. Projects are selected which
promise to provide the military with display technology that has a clear advantage over
what is commercially available.

Past DARPA—supported successes include development of the world’s highest

resolution active matrix LCD (3072x2048) by Xerox.[43] This technology is intended to
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be used in the target acquisition and pilot night vision systems in the Apache attack
helicopter. Another DARPA funded innovation was a reflective LCD display that can
maintain static images after power is turned off. This display is intended for mobile
applications where power consumption is a critical factor. Although DARPA hés had
success with LCD-based display innovations, they have also supported research on
OLED-based displays. The potential of OLED technology to enable very lightweight,
flexible displays as well as wearable displays has been of particular interest. DARPA
grants may be a good source of early, external research money for development of the
manufacturing technology, such as inkjet printing, required to enable these OLED d‘isplay
innovations.

Although DARPA sponsorship of various R&D projects has been important for
driving innovation in flat panel displays, perhapé the most visible DARPA activity in
support of the U.S. display industry has béen its rélé in création of tlre U.S. ‘Disﬁlay
Consortium (USDC) in 1993. The USf)C is an industr&/govérnment pértnership devoted
to maintaining a competitive flat panel industry in the United States.[44] According the
USDC web site, “USDC’s technical mission is to develop the supply chain required to
enable the manufacturing of most flat panel dlsplay technology optlons R&D projects
are supported for the development and commercialization of innovative new equipment
& process technology for front-end and back-end manufacturing process stepS' of rlew
materials required to produce d1splays of procured components requ1red for dlsplay
fabrication; and for software, hardware and de:31gn analys1s for factory automatlon and
CIM operation.” USDC’s scope is thus very similar to the original scope of Sematech,

an industry/government consortium formed in the early 1980s to help maintain a healthy,
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competitive semiconductor industry in the U.S. USDC is focused not on helping
companies get specific products to market but rather upon insuring that the U.S.
maintains a competitive domestic manufacturing infrastructure in display technology. To
date USDC has spent $100M on projects toward this goai.

The USDC would be an ideal partner to work with on development of an inkjet-
based manufacturing tool for OLED displays. The need to improve manufacturing
capabilities for OLED displays is an excellent match with USDC’s mission to improve

domestic manufacturing infrastructure for display technology.

7. Analysis & Recommendations

This chapter has reviewed the key technology and business issues related to
evolution of the flat panel display industry. This review has brought to light interesting
opportunities for players in the traditional inkjet printing industry to capture value in the
fast growing flat panel display industry. Specifically, the promise of inexpensive,
lightweight, flexible displays based on printable OLED materials can only be fulfilled if a
reliable, low cost process technology can be developed to apply the OLED materials to
plastic substrates. Inkjet printing seems ideally suited to this task given that it is a
mature technology that has evolved to perform a similar job with traditional ink on paper.

Inkjet can generate a pattern directly from digital data and requires no pattern-
specific tooling. Further inkjet is non-contact, which eliminates risk of contamination of
the OLED “ink” by the substrate. Finally, inkjet is a purely additive process with no
chemical waste.  In spite of its maturity for traditional printing, several issues must be

addressed for inkjet to successfully evolve into a display manufacturing technology.
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7.1 Inkjet Challenges

A key question that inust be a;}_sxfe}rel:d is the degreé to which inkjf_:t can_b_é s'canljgd
up from a low cost, relatively low pérformance pr’i‘nting tecﬁﬁology to a high perforﬁlaﬁ(:-e
manufacturing technology. The design ‘criteria for these two applications are quite
different.  For consumer printing, donﬁnant design criteria are print quality, cost and
ease of use. For a manufacturing application the important design criteria are likely to be
speed, quality and reliability. Cost of the tool and supplies will be less important since
the printing machine tool and its supplies would be part of a high value-added
manufacturing process and would not be sold through highly competitive retail channels.
Reliability and quality will be critical to keep scrap costs low.

An early test of how well inkjet technology can scale to commercial applications
is Phogenix, a Kodak-HP joint venture. Phogenix is a commercial photofinishing system
that generates color prints from traditional film or digital sources using inkjet rather than
silver halide technology.[10, 45] It is, however, too early to tell whether inkjet will prove
to be disruptive to traditional photoﬁnishing technology.

Another issue which needs to be addressed is identification of the inkjet
technology, piezoelectric or thermal inkjet, best suited to a display manufacturing
application. Most all work to date on inkjet printing of polymer OLEDs has focused on
use of piezoelectric inkjet, not thermal inkjet, which is the dqminant inkjet technology for
consumer printing. Litrex, a subsidiary of CDT, and Seiko Epson are actively exploring
the piezo approach. Piezoelectric heads are more costly to manufacture but afford

greater flexibility in the type of fluids which can be dispensed.
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Thermal inkjet printheads are less expensive to manufacture and support higher
nozzle densities.  Thermal inkjet technology is thus very well suited to éénsuxﬂer
printing needs but its suitability for display printing is lafgely unknown. In thermal
inkjet printing the material to be jetted must be capable of being boiled on the surface of
a thin film resistor. Expansion of the bubble that forms on the resistor provides the
driving force for drop ejection. This mechanism works very well for aqueous-based inks
but little is know about its performance in other solvents that may be required to dissolve
polymer OLED materials. Thermal inkjet obviously involves some heating of the fluid.
Although only a very thin film of liquid is boiled, bulk fluid temperatures can reach 50-
60C. The ability of OLED matenals to withstand this kind of heating is not understood.
Further, some fluids also leave a thin film of deposits on the resistor surface as a result of
the repeated heating. These deposits, called kogation in the industry, can result in
degraded printing performance.

Exploration of the merits of thermal inkjet for display printing would require
establishment of a partnership with one or more companies currently developing soluble
OLEDs (CDT, UDC, Dow, DuPont). These firms would likely welcome interest from a
major inkjet player in strengthening the weak manufacturing stage in the value chain.
Additional funds for pursuing this research might be available in the form of a DARPA
grant; DARPA has a keen interest in the success of technologies that could enable
flexible displays.  Further support might be available through USDC if the investigation
progresses towards development of a inkjet machine tool for display manufacturing.

A key business question related to the development of inkjet-based process tools

for OLED display manufacturing is one of value capture and profitability. It is well
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known that most of the préf:l.t in consumer inkjet prmtmg comes from selling the supplies
not the printers. In turn, most of the prdﬁt from the supplies comes from the ink itself
and not the cartridge. In the case of OLED suppliés the inkjet companies would not be
developing and providing the OLED “ink”, wh:ich is being developed by COmpanieS such
as CDT and DuPont. If the consumer ink.’j‘et Business model holds, much of the prbﬁt
stream from inkjet manufacturing of dispiajrslma)ﬂf ﬂo;v to the cofnpériies developi.ng' the
OLED materials and not to the cdmpanies making the process tools. The inkjet
companies could thus end up being chiefly equipment vendors and be denied much of the
profitable supplies business. = The process equipment business is highly cyclical and
considerably less attractive than a supplies-driven business which derives steady revenues
from an installed base. Inkjet companies venturing into the display manufacturing
business will need to structure their alliance agreements with OLED suppliers very
carefully in order to insure capture of a fair share of the profits. As key OLED patents
expire toward the end of the decade inkjet corhpahies may be able to begin formulating
their own OLED materials and thus increase their supplies profits.

Even if the technical and business challenges discussed above can be overcome, it
is not a given that inkjet will become the dominant process technoiogy for display
manufacturing. The flexibility of inkjet printing with respect to pattern generation has
somewhat limited value for display ma‘nufaét‘u:ring where the pattern of OLED material
on the substrate is consistently the same (repeating spots of red, green and blue). Given
this consistent pattern, a significant threat to inkjet as the deposition method of choice for
polymer OLEDs is the more traditional printing technology uSed'by Toppan and Dai

Nippon to create the color filters for LCD displays. If this technology can be successfully
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adapted to print OLED materials, it, and not inkjet, could become the method for choice

for OLED display manufacture.

7.2 Adoption Accelerators

7.2.1 Casual Loop Diagram

Historical data reviewed in this chapter shows that the display industry has been
characterized by slow clockspeed or slow adoption of new technologies. The casual
loop diagram in Figure 19 shows key factors driving adoption rate of new products in the
display industry.

Key factors include product availability, product performance, product awareness,
suitability of substitutes, and price. The “chicken and egg” problem is that up-front
technology and marketing investments are required to “jump start” the Price Loop which
becomes important as adoption rate climbs and economies of scale drive cost and price
reductions. Note that there is a delay before adoption rate impacts prices; firms cannot,
therefore, wait for demand to materialize before making investments in technology and
marketing.

The casual loop diagram helps explain the importance of technology investment
by government (e.g,, DARPA, US Display Consortium) in helping drive adoption rate.
The government does not require a quick or certain payback to justify its investment.
The emergence of a dominant design will also boost tééhnology investment by focusing
investment, now spread across four competing technologies, on the one that the market

really wants.

Chapter 3 p.109 of 178



Figure 19: Casual Loop Diagram for Adoption Rate of New Display Technologies
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The existence and suitability of substitutes is a very important factor. Adoption of
LCDs in large screen markets (monitors and TVs) has been slowed by the existence of a
strong substitute product (CRTs) as well as by low performance and high prices.
Adoption of LCD displays in small screen markets was much faster due to the lack of a
substitute technology. Without a substitute technology, significant adoption rate can be

realized even with higher prices and lower performance.

7.2.2 Importance of New Products

A key to accelerating the clockspeed for OLED displays will be creation of new
products where LCD displays are not good substitutes. These markets will be ones
where the OLED display attributes of brightness, video capability and low power

consumption are important and can command a price premium, recall that these are all
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areas of weakness for LCD displays. Small screen markets should be attacked first since
performance requirements (especially display lifetime) are lower and manufacturing is
easier. Adoption and acceptance of the technology in these markets will help spur
adoption of larger form factor OLED displays as the technology matures.

Figure 20 shows the production figures for products which require small flat panel
displays for 2001 and the forecast for 2004.[146] The cell phone market represents the

biggest opportunity with 80% of the demand and ten times higher volume than the next

biggest market.
Figure 20 Units (thousands)
Small Screen
Product 2001 2004E
DVD Players 20,200 34,300
Digital Still
Cameras 14,754 18,430
Camcorders 11,847 12500
Car Navigation 4100 6000
Hand-held games 12,000 16,500
PDAs 9165 13,780
Cell Phones 346,400 464,199
Ref. [46]

The first such small screen market where OLEDs displays are likely to see high
adoption rates is likely to be that for 3G cell phones. Cell phones with 3G technology
not only provide wireless phone service but also allow users to surf the web and
download games as well as music and video clips. Some phones have built-in cameras
that allow users to send still photos as well as digital video. These phones require bright,
color video-capable screens with low power requirements and are thus a very good fit for
OLED technology. At present, only Japan has significant 3G infrastructure but Europe
and the U.S. should begin to see availability over the next several years. Pricing for 3G

services 1s likely to be a key factor in acceptance of this new wireless technology.
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The portable DVD player market is also well suited for disruption by OLED
display technology. Much of the value proposition of these products is related to display
quality and battery life. The brightness and fast refresh rate of OLED displays are
particularly important features for this market. Further, portable DVD players with
OLED displays will almost certainly be able to command a significant price premium.
Handheld game products have similar display requirements to DVD players and are
another opportunity for early market entry for OLED screens. The high CPU power
consumption of handheld games makes the power efficient OLED display particularly
attractive. |

In addition to cell phones, DVD plaglfers, and handheld games, entirely new
products are being developed that could take good advantage of OLED displays. One
such example is the Lyra Audio/Video jukebox made by RCA.[47] This handheld
product, currently priced at $399, features a 3.5 inch color screen. It not only handles
music downloads but can also record up to 80 hours of programs directly from your
television. Such innovative new products will help drive adoption of OLED displays.

Penetration of OLED displays into other small screen markets such as camera and
camcorder displays and mainstream PDAs is likely to take longer. In these markets, the
display is a less important part of the product’s value proposition and consumers are less
likely to be willing to pay a significant pricev premium for OLED displays. | Displacement
of LCD displays in these markets will probably require the price of OLED displays to
decrease significantly.

OLED penetration of the markets for larger (>10) displays is unlikely to occur

until late in the decade because the technology will simply not be ready before then. At
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present only a few prototypes of large OLED displays have been built and volume
production is some years out. Further, OLED display lifetimes must improve
significantly before they can be deployed in these markets. When laptop-size¢ OLED
displays do become available, there adoption will depend strongly on awareness and
market acceptance of the displays in the small screen markets discussed above. If OLED
displays are successful in the small screen markets, they should be able to gain an early
toehold at the high-end of the laptop market.

For example, an OLED display would enable a super light-weight notebook with
a brilliant display and superior battery life. The new machine would dominate
competing LCD-equipped models on the important attributes of weight, display
performance and power consumption and should be able to command a significant
premium. Another OLED-equipped high-end model might include a large screen and
built in DVD player and be tailored for multimedia and entertainment applications. As
with small screen products, adoptibn will depend on ﬁn&irig markets that value the
attributes of OLED displays and are willing to pay a premium to get them.

OLED displays are likely to eventually penetrate the market for large screen
displays (> 30’). This penetration will occur after OLED displays have a significant
presence in the medium size display market (10’-30) | In”ad\dit.iﬂén to pr‘ice,‘a key
adoption driver for large OLED displays will be wide availability of broadband to the
home. Video-on-demand services, in particular, are likely to encourage purchase of
large screen displays for home theatres. The super-thin form factor of OLED displays

will allow them to be easily wall-mounted almost anywhere.
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7.3 Winners and Losers

As discussed earlier in the chapter, a dominant design for OLED displays has yet
to emerge. Which of the competing technologies is likely to emerge as the winner in the
marketplace? According to Utterback, it is doubtful that the dominant design can be
recognized except in retrospect.[40] He claims, however, that simplicity and
technological elegance are characteristic of many dominant designs.  Although it is
impossible to be certain as to how the future of the display industry will unfold, it is
interesting to speculate on what might happen.

The small molecule OLED technology pioneered by Kodak clearly has the first-
mover advantage. Kodak has broadly licensed its technology, mostly to Asian firms
already in the display business, and products with small molecule color QLED displays
have already been introduced. This technology does, however, rédui;e compﬁlex and
costly vacuum processing and does not scale rcadily to low cost manufacturing using
flexible substrates and roll-to-roll processing. This shortcoming may very well p_fové
fatal in the highly cbst-comi)etitive display industry. Further, Kodak;s partnér list,
though long, does not include many highly innovative firms that could help Kodak find a
market for their technology where it does not have to cbmpete directly with LCDs.

Low cost manufacturing is much better supported with polymer, or perhaps
dendrimer OLED materials that can be solution processed. Although these technologies
are less mature, they seem better suited to ﬁJlﬁlling“ the long-term potential of OLED
technology to provide very lightweight, low-cost, flexible displays. Cambridge Displays
is the leader in this area and has strong partners such as Philips and DuPont to help get its

technology to market. CDT is also partnering with both inkjet and traditional printing
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companies in efforts to quickly identify th(? best manufacturing approach. CDT’s recent
acquisition of Opsys’ intellectual prbperty puts them in an excellent position to capitalize
on emerging dendrimer technology, which may have some advantages over CDT’s own
polymer OLED technology. Although CDT is a small company, their history shows that
they are very agile and business savvy. They have chosen partners carefully and
attempted to diversify their risk throughout the value chain by investing in more than one
partner or technology.

The only company likely to challenge CDT for dominance in solution-processed
OLED materials is Universal Displays. Although UDC’s more mature phosphorescent
OLED technology requires a complex vapor phase deposition process, the company has
recently announced a joint development agreement with DuPont to develop new
phosphorescent OLED materials that can be solution processed. If this work is
successful, UDC will have a very compelling product offering, especially since the UDC
technology is the most power efficient available. =~ UDC’s success here might also
provide an excellent partnering opportunity for a major inkjet player. UDC currently
lacks a partner with the printing expertise required to take advantage of solution-
processed OLEDs.

It is worth noting that UDC has a small but very capable team of partners,
including Samsung, Motorola and Sony. The latter two are particular well known for
product innovation and could help UDC deploy their technology in exciting new
communication and entertainment products.

In conclusion, one can only guess at which OLED technology is likely to emerge

as the dominant design.  However, the OLED technologies that can be solution
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processed are better suited to fulfilling the long-term promise of the technology and seem
to better meet the criteria of simplicity and technological elégance that often characterize
dominant designs. CDT is clearly the Iéadéf Hl'vlere but UDC could po‘se a strohg

challenge.

7.4 Strategic Recommendations

The Roberts and Berry framework discussed in Chapter 2 provides valuable
guidancé to an inkjet company interested in the display manufacturing business. See
Chapter 2, Figure 12 Here the inkjet company is quite familiar with the technology but
unfamiliar with the display market. For this situation the framework suggests that a joint
venture, venture capital investment or perhaps an educational acquisition would be
appropriate strategies. Key partners for such activities would include CDT or UDC, and
perhaps, one or more of their material development partners (DuPont, Covion, Dow).
UDC is a particularly attractive partner since they are just now getting involved with
printable OLED materials and do not yet have a relationship with a major player in the
printing industry.

In these development partnerships inkjet companies will need to leverage the
strength of their complementary assets, which are chiefly their ability to develop and
manufacture inkjet printing devices. Process equipment is the Achilles heel in the value
chain for OLED displays. Companies developing and manufacturing polymer OLED
materials cannot capture value unless this material can be efficiently applied to
substrates. Although their intellectual property around the OLED material may
provide excludability, OLED companies have strong incentives to cooperate with major

inkjet players in order to get their technology to market.
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For major inkjet‘ p}aygrs ‘to successfully exploit opportunities in display
manufacturing, they must organize for success.  Christensen’s framework provides
valuable guidance in this area.[48] ) As disqussed earlie{, development of an inkjet
machine tool for display manufacturing is a poor fit with organizational values based on
development of consumer inkjet printers; the important product attributes are quite
different. Such a project may, however, be a good fit with organizational processes
designed to get new products to market. In this case Christensen’s framework suggests
that a heavyweight team in a separate spinout organization offers thg best chance for

success. See Chapter 2, Figure 11.

7.5 Summary

The flat panel display industry is a critically important industry; its products
fundamentally impact how people work and play. Displays take data, whether for
information or for entertainment, and make it useful and accessible. Displays are thus a
critical enabling technology for a huge variety of techﬁology products ranging from tiny
handheld devices such as PDAs, cell phones and digital cameras, up to lérge area
monitors, TVs, commercial displays and home theatre systems.

The display industry has historically been characterized by slow clockspeed;
innovations are slow to be commercialized and can take decades to become dominant.
Fifty-year old CRT technology still has the lion’s share of the market for monitors and
TVs. CRT technology is, however, increasingly unable to meet customers’ evolving
display needs. LCD displays are ubiquitous in handheld and portable devices where
CRTs simply cannot be used and are beginning to penetrate the markets where they

compete directly with CRTs. Despite its advantages, LCD technology is vulnerable due
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Ito its high price, poor image quality attributes in several areas, and challenges in scaling
to very large screen sizes.

Display technology based on OLEDs appears the most likely to displace LCDs.
OLED:s offer the promise of lower cost, lower power consumption, and better image
quality, especially for video applications. Even flexible displays appear possi‘tv)lve. OLED
technology is, however, immature and significant technical and production issues must be
overcome before it will be competitive.  Further, LCD manufacturers have huge
investments in manufacturing assets and are thus highly motivated to lower costs and
take advantage of strong price elasticity of demand. LCD manufacturers are fierce
competitors and will not give up easily. OLED-based displays are likely to displace
LCDs eventually but this transition could take a decade or longer.

Adoption of OLEDs can be accelerated by increased technology investment by
firms and governments as well as by introduction of new products, such as 3G cell
phones and portable DVD players, that exploit OLED’s advantages over LCD displays.
Adoption of OLED displays will increase if new markets emerge in which OLEDS db not
have to compete directly with L.CDs.

There is a significant opportunity for major inkjet players to capture value in the
emerging OLED display industry. The promise of polymer or other solution-processed
OLEDs to deliver cheap, lightweight and, perhaps, flexible displays depends upon
development of a robust, low cost process technology to spray or print the material onto
substrates. A first step for inkjet firms is establishment of a working partnership with a
developer of solution-processed OLED materials. Such a partnership is criticall to get

access to materials for initial R&D, which include evaluation of which inkjet technology,
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inkjet or piezo, is best suited for deposition of OLED materials. Once this decision has
been made development of a process tool can begin. This development should be
pursued by a heavyweight team in a separate spinout organization. This team must pay
careful attention to crafting the business agreement with the OLED partner to insure fair
sharing of supplies profits. Inkjet players must move quickly to capitalize on this
opportunity. CDT is already partnering with Epson on inkjet development and has
recently signed an agreement with Toppan to explore use of other printing technologies

for OLED display fabrication.

8. References

1. Bellis, M., The History of the Cathode Ray Tube.
http://inventors.about.com/library/inventors/blcathoderaytube. htm, 2003,

2. Television History web site, www.tvhistory.tv. 2002,

3. Howard, W.E. and O F. Prache, Microdisplays based upon organic light-emitting
~ diodes. IBM Journal of Research & Development, 2001. 45(1): p. 115.

4. Malonis, J., Encylopedia of Emerging Industries, 4th Ed. 2001: Gale Group.

5. Irani, A, et al., From Fat to Flat: The Metamorphosis in Visual Display
Technology. Equity Research, CIBC World Markets, 2002.

6. How Stuff Works Web Site, howstuffworks.com.

7. Johnstone, B., 4 Bright Future of Displays. Technology Review, 2001(April
2001): p. 81.

8. Sherman, E., Little Big Screen. Technology Review. 2001(June): p. 65.

9. Woolley, S., Seeing the Light: Richard Friend's supermolecules will give us
paper-thin display screens - and much more. Forbes Magazine, 2002(12/23/02):
p. 274.

10.  Plasma Displays. Technology Review, 2001(December).

Chapter 3 p-119of 178



11,

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Hara, Y., Sharp accelerates ramp of LCD TV production facility. EE Times,
2003(January 10, 2003)

Tang, CW. and S.A. VanSlyke, Organic electroluminescent diodes. Applied
Physics Letters, 1987. 51(12): p. 913,

Favell, A., Technology Innovations: Philips, CDT Display Their Innovations.
Wall Street Journal Europe, 2002(11/22/2002): p. R3.

Clendenin, M., Market takes a hard look a organic-LED rollout. Electronic
Engineering Times, 2002. 26(June 3, 2002).

Mokhoff, N., Organic LEDs gear up for portables push. Electronic Engineering
Times, 2002(May 27, 2002).

Krane, J., Bright new display technology could jump from cell phones to TVs.
Associated Press Newswires, 2002(12/15/02).

Ashruf, C., Philips Puts Small Tech to the Test. Small Times
(www.smalltimes.com), 2002(9/20/2002).

Kenward, M., Displaying a Winning Glow. Technology Review, 1999(Jan/Feb
1999).

Austen, 1., What's Next: Red Light, Green Light: A 2-tone LED to Simplify
Screens. The New York Times, 2003(1/30/2003): p. 8.

Cambridge Display Technology Acquires Litrex Corp.; Purchase of Tool Supplier
Will Speed Commercialization of Light Emitting Polymer -LEP- Inkjet
Manufacturing Technology. Business Wire, (12/4/2001).

Cleland, T., Interview with Litrex Senior Management. 2003.

Toppan Printing Invests in Cambridge Display Technology, in Business Wire.
10/28/02.

Universal Display Corporaton Web Site (www.universaldisplay.com). 2003.

DuPont Displays and Universal Display Corporaton (UDC) Form Strategic
Alliance, PR Newswire, 12/11/02.

Universal Display Showcases Cutting Edge Proprietary OLED Technologies at
Annual Meeting. Business Wire, 6/27/2002“

Opsys Web Site: http://www.opsysdisplays.com.

Chapter 3 p.1200f 178



27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fine, C.H., Clockspeed : Winning Industry Control in the Age of Temporary
Advantage. 1999, New York: Perseus Publishing.

George Heilmeier, Liquid Crystal Pioneer:
http://web.mit.edu/invent/iow/heilmeier. html.

Talk Will Trace Development of Thin, Fiat LCD Displays for TVs, Computers
From Princeton to Japan to the World.:
http://www.davidsarnoff.org/7312002.htm. 7/31/2002, The David Sarnoff Library.

Christensen, C.M., The Innovator's Dilemma. 1997 Harvard Business School
Press.

Christensen, C., M. Johnson, and D. Rigby, Foundations for Growth: How To
Identify and Build Disruptive New Businesses. MIT Sloan Management Review,
2002(Spring): p. 22.

Osbornel Computer :http://oldcomputers.net/osborne.html.

Christensen, C., C. Raynor, and M. Verlinden, Skate to Where the Money Will Be.
Harvard Business Review, 2001. 79(10): p. 72.

My Simon website: www.mysimon.com. (Prices obtained 4/27/2003).

Bardsley, J.N., International OLED Technology Roadmap: 2001-2010, in U.S.
Display Constortium Web Site: www.usdc.org. 2001.

Holliday, C., New Life for DuPont. Technology Review, 2001(November 2001):
p. 77.

DuPont Displays Launches Olight(R) Brand. PR Newswire, (4/3/2003).

DuPont Displays Ships Evaluation Kits for OLED Display Technology. PR
Newswire, (12/18/2002).

Fine, C., 15.795 Class Slide Set: Technology Roadmapping. Fall 2002.

Utterback, J.W ., Mastering the Dynamics of Innovation. 1994, Boston: Harvard
Business School Press.

Porter, ML.E., Note on the Structural Analysis of Industries: Harvard Business
School Case 9-376-054. 1975, Boston, MA: Harvard Business School Publishing.

Gnade, B. High Definition Systems (conference presentation). in DarpaTech99.
1999. www.darpa.mil.

Chapter 3 p.121 of 178



43.

44.

45.

46.

47.

48.

DARPA web site: www.darpa.mil.
U.S. Display Consortium Web Site, www.usdc.com. 2002.
Phogenix Company Website: www.phogenix.com. 2003,

Goto, Y., Flat Panel Displays - LCDs. Global Securities Research & Economics
Group, Merrill Lynch & Co., 2002.

Edwards, C., The ABCs of MP3, in BusinessWeek. 2/3/2003. p. 111.

Christensen, C.M. and M. Overdorf, The Challenge of Disruptive Change.
Harvard Business Review, 2000(March-April): p. 67

Chapter 3 p-122 of 178






Chapter 4

Inkjet Opportunities in the
Low Cost Electronics Industry
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1.Introduction

The amazing progress in the field of microelectronics has been well chronicled.[1]
For decades this industry has driven dramatic improvements in computing power and
enabled an enormous variety of products and services that rely on digital technology. In
1965, Intel founder Gordon Moore predicted that the number of transistors per unit area
would déuble every year or so.[2] This prediction, known as Moore’s Law, has been
borne out. For almost thirty years the number of transistors per unit area has doubled
every 18 months (see Figure Figure 1).[3] The latest Pentium 4 processor from Intel has
over 42 million transistors.[4] This exponential rate of improvement in transistor density

and thus

Figure 1. Moore’s Law
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Reference: [5]

chip performance has come at the price of high manufacturing cost and complexity.
Today’s semiconductor fab costs over $1B and requires 2 weeks or more of round-the-

clock processing to complete a single circuit.[6] This heavy investment of money and

Chapter 4 p.1250f 178



engineering effort has lead to a wide variety of digital products, such as cell phones,
laptops and video games that pervade many aspects of our lives. This relentless march
towards ever higher circuit complexity and performance has, however, bypassed
important emerging markets for low cost electronics. These markets value cheap, even
disposable, circuits in which attributes such as large area coverage or flexible substrates
are more important than gigahertz speeds or megabyte storage densities. Products that
can take advantage of such low cost electronics include active matrix backplanes for
displays (mentioned in Chapter 3), radio-frequency identification (RFID) tags, smart
cards, solar cells, sensors, and memory.[7-10]

The key to achieving low cost electronics is development of new circuit
manufacturing technologies that do not require expensive wafer fabs with their complex
and costly lithography, implantation, and vacuum processing steps. These new circuit
manufacturing technologies have more in common with the way newspapers are made
than with traditional silicon processing. Companies are leveraging techniques such as
roll-to-roll processing and printing methods, including stamping, embossing and inkjet, to
create ultra-cheap circuits.

This chapter explores the emerging low cost electronics industry, with particular
attention paid to the potential role of inkjet as a disruptive technology. The scope of this
discussion will include review of new products and markets enabled by low cost
electronics, examination of competing technologies, a look at industry and business
dynamics, and conclude with analysis and recommendations with respect to the role of

inkjet in this industry.

i
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2. Product & Markets

2.1 Radio-Frequency ID Tags

RFID tags are perhaps one of themost ;;éiting \c;;;;‘);ni:tuni’ties‘ enabled b‘yvlow cost
electronics. RFID tags are tiny computer chips tﬁat function as electronic barcodes.
They store information (up to 1MB but usually much less) that can be transmitted
wirelessly to a reader that can be up to 90 feet away. Applications for RFID tags include
access, security, tracking, logistics, anti-counterfeiting, and ticketing.[11] They are
widely used for automatic toll pay on highways and tracking high-value ifems such as
copiers, motorcycle parts and pets.[11, 12] RFID tags are very useful for creating
unprecedented supply chain visibility. Companies can easily track parts throughout their
supply chain; a pallet or box of RFID-labeled parts must only pass within range of a
reader and each individual part will broadcast its unique ID to the tracking system.[13]

RFID tags are not new technology; they have existed in one form or another since
the 1930s. There are hundreds of millions already in circulation and over 500 vendors
selling RFID technology.[14] The RFID market is expected to grow to $7.5B by
2006.[14] Despite the popularity of RFID tags, their adoption in less expensive
consumer goods has been prevented by their cost. Today’s silicon-based RFID tags cost
from 30 to 40 cents up to a dollar, which is too expensive for use in products such as
groceries and drug store items. Prices must drop to just a cent or two for RFID tags to
begin to replace bar codes on inexpensive products.[15] Low cost electronics is
expected to enable such price points and could eventually lead to near-universal adoption
of RFID tags on all kinds of products. The flexible, plastic substrates used for low cost

electronics will even permit their use in non-rigid products such as clothes and paper.
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Such widespread adoption of RFID tags could significantly change the way that we buy
and use products.

For example, grocery store checkout could be accomplished by simi)ly pushing
the loaded cart by a reader; there would be? no need for handling and scanning each item.
The RFID-equipped products could alsﬁov éommﬁnicate with appliaﬁces in the home. A
shirt could tell the wdshinghmachi‘ne what’ séttings to usé and fhé ’piiia cduld bfbadéast
the correct cooking settings to the oven. {15]

The ultimate vision is to create an “internet of things” where most all products
incorporate RFID tags and a common standard allows any reader to read any tag.[iB]
Such a system would allow companies tb track parts and products throughout their
lifecycle and share information over the Internet. Realizing this vision depends upon
establishment of communication standards, and, more critically, upon low cost

electronics enabling penny price points

2.2 Smart Cards

Smart cards are another market where low cost electronics could have a major
impact. Smart cards are a natural extension of the RFID tag idea. While RFID tags only
contain “hard coded” identification data, smart cards include read-write memory and
even a microprocessor.[16] Smart cards can transmit their data to a reader wirelessly
(like RFID tags) or through direct physical contact. They are used as smart credit cards
which are charged up with prepaid dollars. Each time the card is used, the smart card is
debited and the balance is written to the card’s memory. Such a system with wireless
smart cards is currently in use on Washington D.C.’s subway system and will soon be

implemented on transit systems in other cities.[16] Another smart card application is to
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provide a more secure identification system for employees. The smart card can store
biometric data such as fingerprint characteristics to be used for more secure building
entry and computer access. In Europe smart cards are used to pay for phone calls. The
cards store not only balance information but also phone numbers and other personal
information that is instantly available on any card-equipped phone. Even in normal credit
card applications, smart cards offer much better data security than magnetic strips.
Merchant’s favor smart card adoption as a means to reduce the $4B in annual
losses due to credit card fraud.[16] Widespread adoption of smart ‘cards in credit card
applications is limited by the large $11B cost of implementing smart cards, this cost
includes the cost of the smart cards themselves as well as the necessary readers and data
networks. A good chunk of this cost are the actual cards; today’s smart cards cost $4 or
more vs. a few cents for a magnetic strip credit card.[16] Low cost electronics could
enable significantly cheaper cards and thus hasten their adoption beyond the current niche

markets of ID cards and subway passes.

2.3 Flexible Display Backplanes

As discussed in Chapter 3, display technology is evolving in the direction of
cheaper, thinner, and perhaps, flexible displays. New display technologies such as
organic LEDs and electronic ink permit the display material itself to be deposited on a
flexible substrate.[17] However, these new display technologies still require a matrix
backplane to drive the display.> Therefore, in order to achieve, an ultralight and flexible
display the matrix backplane as well as the display material itself must be deposited on a

flexible substrate. This need for flexible backplanes with thin film transistors capable of

* Backplanes are discussed in some depth in Chapter 3 so the discussion here will be brief.
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controlling display pixels is a significant opportunity for low cost electronics that can be

built on plastic substrates.

2.4 Solar Cells

Another exciting opportunity for low cost electronics is fabrication of cheap,
flexible arrays of solar cells. Current energy consumption based on fossil fuels is not
sustainable in the long run and it will become increasingly important to find renewable,
nonpolluting power sources for the future. Solar power looks like a very promising
alternative; every minute of every day the amount of solar energy that hits the earth
exceeds the world’s entire annual power needs.[18] Capture of even a tiny fraction of
this energy could go a long way towards providing a steady supply of environmentally
clean energy. A major obstacle to wider use of solar power, however, is the cost of the
solar cells.

Most solar cells available today are built on expensive silicon wafers and cost per
watt is three to four times that of electricity off the grid.[18] However, it is possible to
build solar cells using much less expensive thin films of amorj)hous silicon or organic
semiconductors that can be coated onto flexible substrates. Further, solar cells are
relatively simple devices and do not require sophisticated circuitry. These two factors
make solar cell arrays well suited to manufacture on flexible substrates using roll-to-roll
processes.

Two startup companies, [owa Thin Films and Konarka, have developed flexible
solar cell arrays using such processes and are competing for leadership in this emerging
market. [19-21] Their low cost and flexibility should allow photovoltaic cells to be used

in many applications where they were not previously practical. For example, cheap solar
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cells could eliminate the need for batteries in portable consumer electronics as well as
camping and marine gear. In fact, Iowa Thin Films aiready offers a solar powered stereo
headset.[21] Cheap, flexible solar cells could also be integrated into roofing tiles and
clothing to provide environmentally friendly power at home or on the go.[20] Military
applications of solar power are particularly compelling since they could help reduce the
heavy load of batteries that the modern soldier must currently carry to power computers
and communication equipment.[21] Perhaps the most exciting emerging application of
cheap solar arrays is their potential as a clean, affordable energy source in off-grid
locations in developing countries. SELCO, a pioneering solar electric power service
company, is already working to implement such a solution in South Asia usiﬁg
conventional solar cells.[22] Low cost electronics could enable much less expensive
solar cells and hasten their adoption as an energy solution in both developing and

industrialized countries.

2.5 Low Cost, Non-volatile Memory

A fifth market for low cost electronics is that for cheap, non-volatile memory.
Polymer memory is a low cost electronics technology that could become important in this
market. Polymer memory devices are not yet available but are being aggressively
developed as a cheaper alternative to non-volatile flash memory. Polymer memory cells
have a much simpler architecture than their silicon counterparts and are thus expected to
be both smaller and cheaper.[8] Unlike silicon-based memory, polymer memory can be
stacked vertically to create three dimensional arrays.[23] This extra dimension could
allow polymer memory to offer several times the storage density of silicon chips.

Although prototype polymer memory chips are currently being produced in conventional
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wafer fabs, their materials and design may eventually lend themselves to less costly
manufaduring methods, such as inkjet printing.[8]

Early markets for polymer memory are expected to be non-volatile storage for
portable digital devices, such as cell phones, PDAs, and MP3 players. Memory demand
for such appliances is expected to increase with the wider availability of broadband
internet capability which will encourage download and storage of large files (e.g., video).
[24] When polymer technology is more mature it may be able to replace hard disk drives
as the mass storage media of choice for personal computers and laptops.  This
application of polymer memory would provide significant user benefit by eliminating the
time delay associated with boot up, thus enabling an “instant on” computer.

Successful penetration of ;the market fdr non-volatile memory is‘un]i'kely to be
quick or easy. The market for “new” memory technoiogy 1s expected to dévelbp slowly,
reaching only $250M by 2006; which is just 1% of the overall memory market.[24] Even
today’s dominant flash memory technology took a decade to become established. Further,
there are several competing technologies which offer similgr value propositions. Among
them are magnetic RAM, ferroelectric RAM, and ovonic memory.[25] Newer
technologies based on carbon nanotubes and molecular electronics are also targeting this
market.[26, 27]

Low cost electronics technology is poised to disrupt a variety of markets. In
general, these markets value low cost and a flexible form factor rather than speed and
performance. These compelling attributes of low cost electronics stem directly from a
radically different manufacturing approach that has more in common with printing than

with traditional silicon circuit manufacturing. This approach allows circuits to be used
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in new ways that are simply not practical with traditional silicon technology. The next
section examines the different technologies being developed to take advantage of the

significant opportunities in low cost electronics.

3. Technology

Several different technologies are being developed‘ to create circuits for low cost
electronics markets. These range from those that leverage silicon chip technology, either
by embedding traditional silicon chips in plastic substrates or applying silicon processing
steps on plastic films, to those that use printing technologies to create organic or
inorganic thin film transistors. A key factor in evaluating and understanding these
technologies is the carrier (either electrons or holes) mobility that can be achieved.
Carrier mobility is the speed that an electron or hole moves through a material in the
presence of an electric field and is directly related to the maximum possible operating
frequency of a transistor. Units for electron mobility are cm® /V-s. Figure 2 compares
the carrier mobility of single crystal silicon to that for several low cost electronics
technologies. Note that low cost electronics technologies do not enable the high electron
mobilities possible with single crystal silicon and thus are not suitable for building high

performance chips, CPUs or high-speed memory.

3.1 Embedded Silicon

The low cost electronics technology that is most similar to that used for traditional
silicon circuits is Alien Technologies embedded silicon process.[28, 29] Alien is initially
targeting the RFID tag market, but the technology can be used in other 