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Introduction to the Silicon Valley Engineering Council Journal 
 

From the President: 

I’m very excited that we have put together the inaugural SVEC journal this year. Our member societies represent so 
many different disciplines of engineering, and we need new avenues to better share some of the more interesting 
aspects of our work with each other and the educational community. We have so much to learn from each other to 
bridge across engineering fields, and this journal is a great start. I have confidence that this effort will only get even 
better next year; so start planning what your society would like to include to represent them. As our editor mentions, 
we have many challenges coming up in this country. Engineering will help us to meet these challenges.  

We would like to dedicate this journal to the memory of one of our SVEC founders, Dr. Jay Pinson, whose untiring 
work to promote engineering and educational standards has inspired us all. 

Elise Engelhardt 
SVEC President 

From the Editor: 

The spirit of all the activities of SVEC address issues raised in the almost 600 pages of the  National Academies 
report entitled Rising above the Gathering Storm: Energizing and Employing America for a Better Future

  

.  This year 
we announce our inaugural journal as an additional response to these challenges – challenges even more relevant 
today.  The journal is made up of technical work of our member societies.  

It is our vision that this journal will be read by teachers, students, and legislators.  The journal is posted for free on 
our website.  This journal will be published each Engineers Week.  On behalf of SVEC, I thank all our authors and 
reviewers for their contributions.   

Dan Donahoe 
SVEC Director (ASQ) 
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Abstract 

In reviewing the history of urban 
development, we find that the factors governing 
successive generations of cities over the past several 
thousands of years are starkly similar to those 
encountered across the globe today. This leads us to 
believe that humankind will soon embark upon the 
creation of a new generation of cities. Unlike most 
cities today, which are comprised of artifacts from 
the Industrial Age, this next generation of cities will 
be characterized by technology from the Information 
Age. We conclude by presenting one possible vision 
of what these new cities might look like: City 2.0, 
where information technology has been seamlessly 
interwoven into the physical fabric of the city and 
measurement, monitoring and control are used to 
optimize the consumption of supply-side and 
demand-side resources based upon the need.   

Introduction 

 The earliest periods of humankind were 
characterized by nomadic wandering. During the 
times which historians refer to as the Paleolithic 
period, or the Old Stone Age (roughly corresponding 
to the time periods before 10,000 B.C.), humans lived 
mostly as hunters or gatherers. Existence was on a 
day-to-day basis, and the need to wander in search of 
subsistence precluded any type of permanent 
settlements. However, during the Middle Stone Age 
(the Mesolithic period, from roughly 10,000 B.C. to 
8,000 B.C.), historians believe changing climate gave 
rise to several new plant and animal species. New 
modes of subsistence soon enabled small isolated 

settlements in areas of fertile production. Soon, 
sophisticated techniques for agriculture and animal 
husbandry led to more permanent settlements in 
villages during the New Stone Age (the Neolithic 
period, from roughly 8,000 B.C. to 4,000 B.C.). Most 
of these villages are estimated to have covered a few 
acres in area and supported populations of the order 
of a few thousand people. For example, the 
settlement of Jericho is believed to have existed 
around the year 7,000 B.C as a village of about 3,000 
people.  

During the next few centuries, as fertile land 
and more efficient agricultural practices led to the 
creation of larger permanent settlements, the first 
cities were formed. These earliest cities – in 
Mesopotamia, ancient Egypt, the Indus Valley, 
northern China and elsewhere – were much more 
sizable, with populations of around 25,000 and 
suburban surroundings that have been estimated to 
reach upwards of 200,000 people. Most of these 
cities, with some notable exceptions (like the city of 
Mohenjo-Daro in the Harappan civilization of the 
Indus Valley), appear to have grown organically over 
short lifespans. For example, archaeological 
reconstructions of a residential section of the 
Mesopotamian city of Ur (from around 1750 B.C.) 
found the presence of long, winding roads between 
neighboring territories. Historians have interpreted 
these as a sign that neighborhoods in Ur were 
typically inhabited in small sections for short periods, 
after which additional immigration or population 
growth necessitated the extension of roadways into a 
new area.  
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By contrast, cities in subsequent 
civilizations – such as Athens (around 800 B.C.) and 
Rome (around 200 B.C.) – more saliently and 
consistently exhibit the beginnings of formalized 
urban planning. Many Mycenaean and Minoan cities 
in ancient Greece were constructed in radial 
structure, with the ruling class populated at the center 
and then gradually extending outwards in sections so 
that everyone in a particular section would be at an 
equal distance from the city center. Planned grid-
ironed street networks were also a common presence 
in this era. Much of the transportation network from 
the Roman Empire – well-defined city boundaries 
(often military) interconnected by well-furbished 
roadways – is believed to have been the backbone for 
the modern travel systems in western Europe. As 
local agricultural resources came under strain, port 
cities were established so that subsistence 
requirements could be met through trade instead of 
local production. 

The fall of the Roman empire in the 5th 
century A.D. and the subsequent dark ages stagnated 
urban development in Europe. At the same time, 
however, cities in the Arab world (Mecca, Baghdad, 
Medina) began to thrive on trade. Ultimately, in the 
Middle Ages [circa 11th century A.D.], the feudalism 
of Europe was replaced by trade and cities began to 
grow again. Although the physical infrastructure 
underlying these early European cities closely 
mirrored an evolved state of cities from earlier 
civilizations (e.g. grid-ironed planned streets in early 
London interspersed with organically grown 
neighborhoods), the renaissance period from the 14th 
century A.D. to the 18th century A.D. saw a religious 
and scientific revolution that transformed the social, 
political and economic organization residing on top 
of the cities’ physical infrastructure. Aggressive 
worldwide colonization during this time period saw a 
further spread of trade routes into gateway ports for 
connecting administrative and military cities across 
the colonies.  

Our modern view of cities largely 
crystallized during the explosion of the Industrial 
Age (beginning in roughly 1750 A.D.).  Previously, 
ancient cities sprung up to take advantage of 
naturally fertile resources; medieval cities sprung up 
to promote trade among and across naturally fertile 

regions; and colonial cities flourished as military or 
administrative gateways that protected trade 
emanating from naturally fertile regions. However, it 
was the industrial revolution that gave people the 
power to establish cities as centers of production 
anywhere in the world. Places like Manchester, UK 
grew from about 15,000 people in 1750 A.D. to 
become a city of 2+ million residents by the early 
1900s. The resulting scarcity of local resources that 
plagued growing populations in ancient cities had 
already been trivialized by the ease with which 
resources could be imported via trade during the 
renaissance period; this was further trivialized by the 
ability to produce an alternative resource as a 
replacement during the industrial revolution. 
Population growth was now barely limited by the 
availability of physical resources, and urban centers 
of production began to sprout up all across the globe.  

Lessons from History 

This history of urban development suggests 
that, broadly, at least six factors have driven 
revolutionary (as opposed to incremental) shifts in 
the formation of settlements over the last 6,000 years: 

1) Surplus Production. Without the ability to 
generate a supply surplus, nomadic wanderers in pre-
historic times were forced to wander around for 
subsistence. Permanent settlements are only likely to 
occur if a surplus of resources can be produced. 
Climate shifts almost 3,000 years ago dried up many 
riverbeds that gave life to the ancient civilizations; 
having lost the ability to produce surpluses in their 
settlement, these civilizations were forced to abandon 
their cities and migrate elsewhere. Populations that 
remained in cities without surpluses gradually 
withered away. 

2) Improved Access to Natural Resources. 
Early civilizations were more likely to settle in 
naturally fertile areas, where their basic subsistence 
needs could be met. Over time, cities grew in areas 
where commodities of value were abundant, such as 
coal or oil. Even trade cities have historically sprung 
up in manners that availed further access to valuable 
resources such as silk or spice.  

3) Population Growth. Dense cities seem to 
come about when inhabited areas see a significant 
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and/or recurring growth in population, whether due to 
birth or immigration. For example, many cities on the 
west coast of the United States and Alaska were born 
during the gold rush of the 1800s. In the absence of 
population growth, cities will likely dwindle over 
time and eventually die. In the event of over-
population, however, local resources may get drained 
and unless these can be replenished by trade or 
production of alternatives, the city will similarly die. 

4) Technology and Communication. New 
technology to harness resources for subsistence, or 
trade that provides access to such technology, can 
drive the creation of cities. Agricultural inventions 
drove much of the early civilizations to settle where 
they did; industrial inventions drove much of modern 
growth. The ability to communicate such inventions 
through the written or spoken word has also been an 
integral part of the development of civilizations: 
settlements would likely not have occurred sans 
cognition and communication, and the ability to 
communicate over long distances tends to facilitate 
immigration towards successful centers of 
production. Trade and communication of technology 
can also be an accelerator of urban growth; this is 
also one reason why cities with numerous trades 
often grow to be larger than cities with a single trade. 

5) Safety and Survival. The human instinct 
(and desire) to survive is a powerful one. 
Historically, many cities have formed in select 
locations due to their inherent or strategic safety. For 
example, Mesoamerican civilizations often chose 
locations where the natural habitat protected them 
from the elements, e.g. in caves or by carving out 
homes within hillsides. Many cities in the Roman 
Empire were similarly perched upon cliff tops or near 
seas where enemy attacks would be immediately 
visible. The drive towards sanitation and healthcare 
as necessities of the urban infrastructure is another 
manifestation of the desire to survive. 

6) Social Organization

Today, there are over 280 metropolitan 
cities with populations over 1 million people. 
Including smaller cities and towns, it has been 
estimated that about half the world’s population – 
roughly 3.3 billion people – live in urban areas today. 
The UN projects that this will increase to nearly 5 
billion people, or about 61% of the world’s 
population, by 2030. This continued population 
growth coupled with increased per capita 
consumption will soon require the creation of a new 
generation of cities in emerging economies and 
around the globe. The demands of the teeming 
millions who will inhabit these cities will be very 
different from those that led the development of 
previous cities: unlike the previous generation built 
during the Industrial Age, these next generation cities 
will be built in the Information Age. The 
demographics of the next generation of inhabitants 
suggest a socio-cultural desire for on-demand, just-
in-time access to resources at affordable costs. Thus 
far, this behavioral shift has been most visible in the 
consumption of information – the computing and 
telecommunications explosions of the past decades 
have revolutionized the architecture of information 

. The existence of a 
societal order – whether social, religious, economic, 
or political – has a definitive effect on the 
development (or destruction) of a city. Many 
historians believe that a key reason that the ancient 
civilizations organized into cities was the need to 
manage the surplus agricultural production enabled at 

the turn of the Neolithic period. Many cities in 
ancient Egypt (around 2,000 B.C.) were simply 
abandoned upon the death of their Pharaoh. The 
emergence and presence of a ruling class in the early 
civilizations gave order to much of the structure 
underlying cities in those times. All of these 
examples point towards the existence of social 
structure within cities.  

None of the above factors independently 
explain the rich history of urban development, and it 
may not possible for any type of concise list to fully 
describe the spatial and temporal complexities 
underlying the evolution of humankind. However, 
when considered together, the above factors provide 
a glimpse into the human psyche that has governed 
the formation of cities over the last several thousand 
years. External factors – climate change in the 
Mesopotamian civilization; death and disease during 
the dark ages; individual political and economic 
ambition – have often further acted as catalysts or 
accelerators in transforming settlements. 

Towards City 2.0 
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technology (IT) – but anecdotal evidence already 
suggests that this behavioral shift is expanding into 
the consumption of physical resources as well. 
Coupled with the increased risks that human growth 
places on the carrying capacity of the biosphere, 
including the threat of climate change, we cannot 
expect to meet the future needs of society simply by 
extending existing physical infrastructures. 
Simultaneously, it appears that the necessary 
preconditions exist for a revolutionary transformation 
in the formation of cities: in addition to population 
growth, the world has witnessed a definitive increase 
in per capita productivity over the past decade; the 
rapid rise of information and communications 
technologies are enabling optimization of logistics 
and better access to resources across the world; and a 
growing interconnectedness driven by technology is 
revolutionizing the notion of personal boundaries as 
well as privacy. Furthermore, climate change has 
emerged as a powerful catalyst that may potentially 
transform how we seek to live.  

Therefore, we believe that the conditions are 
ripe for the creation of a new generation of cities. We 
offer one possible vision of what this transformation 
may look like: City 2.0. 

The starkest difference between City 2.0 and 
previous generations of cities will be the 
omnipresence of IT. The need for information and the 
ability to communicate this information have always 
been a mainstay of cities, but now – possibly for the 
first time since the invention of the written word – we 
are at a position when information and 
communication technology can be embedded within 
everything. In other words, information and 
communication is now no longer resident solely 
within the social stratum: IT can now be truly 
interwoven within the fabric of the physical 
infrastructure of the city. Figure 1 shows a conceptual 
sketch of this interweaving, while Figure 2 describes 
the underlying architecture of City 2.0. 

The foundation of the City 2.0 architecture 
is a comprehensive life-cycle design. Unlike previous 
generations, where cities were built predominantly 
focusing on cost and functionality desired by 
inhabitants, City 2.0 will witness urban design 
following the same paradigm that has governed 

design-for-environment in individual products during 
the past several decades: a comprehensive life-cycle 
view, where systems are designed not just for 
operation but for optimality across resource 
extraction, manufacturing and transport, operation, 
and end-of-life.  

 
Figure 1. In City 2.0, an IT ecosystem will be 
interwoven into the physical infrastructure. 

 
Figure 2. Vision of the City 2.0 Architecture. 

The next distinction within City 2.0 will 
arise in the supply-side resource pool. As discussed 
earlier, inhabitants of City 2.0 are expected to desire 
on-demand, just-in-time access to resources at 
affordable costs. In existing cities, this is most 
closely achieved by electricity infrastructures. 
However, instead of following a centralized 
production model with large distribution and 
transmission networks, we propose a more distributed 
model: whatever surplus local resources are available 
to the city will be elevated into a ‘resource 
microgrid’. In this approach, in much the same 
manner that enterprise IT companies are discussing 
availability of information resources from a shared 
‘cloud’, it will become possible for City 2.0 to better 
access physical resources from a distributed pool 
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which offers higher reliability, better availability, and 
more flexibility than the existing infrastructures. 

Having constructed physical infrastructures 
consisting of resource microgrids, a pervasive 
sensing infrastructure can be built across the 
microgrids. This infrastructure would generate data 
streams pertaining to the current supply and demand 
of resources emanating from disparate geographical 
regions, their operational characteristics, performance 
and sustainability metrics, and the availability of 
transmission paths between the different microgrids. 
Massive amounts of cheap IT storage – never 
available previously – enables archival storage of the 
aggregated data about the state of each microgrid. 
Sophisticated data analysis and knowledge discovery 
methods will be applied to both streaming and 
archival data to infer trends and patterns, with the 
goal of transforming the operational state of the 
systems towards greater sustainability. The data 
analysis will also enable construction of models using 
advanced statistical and machine learning techniques 
for optimization, control and fault detection. 
Intelligent visualization techniques will provide high-
level indicators of the ‘health’ of each system being 
monitored. Again, such analytics would not have 
been possible without the rapid advances made in 
high-speed computation during the past several 
decades. 

Lastly, we enable the formulation of policy 
that takes advantage of the social structure within 
cities to (almost autonomously) control resource 
allocation from within each microgrid. Billions of 
inhabitants communicate preferences via handheld 
clients that get routed through thousands of data 
centers, allowing the governing bodies to identify 
appropriate policy actions that respond to the 
demands of the populace. For example, the entire 
ensemble could be globally set to operate as per a 
‘high performance’ policy, or a ‘resource 
conservation’ policy – in much the same manner that 
we have ‘Spare the Air’ days enforced today. 

Summary 

For the last few thousand years, civilizations 
have chosen to organize around increasingly 
connected networks of growing permanent 
settlements – what we now refer to as “cities”. 

History has witnessed an evolution of cities in both 
incremental and revolutionary transformations. We 
believe that the world is on the verge of yet another 
transformation in how cities are created: City 2.0, the 
new city of the Information Age, is coming.  

Just as in past cities, City 2.0 will be 
centered around the technological innovation that 
differentiates it most from the previous generations of 
settlements. In the information age, this innovation is 
pervasive IT. Therefore, City 2.0 will be 
characterized by systems of microgrids based on 
local resource availability that optimally provision 
fundamental services (such as transport, water, 
electricity and information) on demand, through an 
intelligent management system based on the 
gathering, aggregation and analysis of disparate data, 
communications, and policy-based control. The 
supply and demand side management resulting from 
IT-based business models will drive societal and 
business activities while providing a net positive 
impact on the environment. In order to achieve the 
scale required for City 2.0 services to sustain, the cost 
of IT services will be significantly reduced through 
life-cycle design with a cradle-to-cradle perspective. 
Minimizing the resources needed for extraction, 
manufacturing, waste mitigation, transportation, 
operation and reclamation will result in a reduced 
Total Cost of Ownership (TCO) that enables millions 
of additional customers to join a global IT ecosystem 
consisting of billions of handheld clients 
interconnected with thousands of data centers via 
trillions of IT-driven services.  

In other words, the teeming millions in 
emerging economies who wish to avail low-cost IT 
services today to address their fundamental needs and 
improve their quality of life will be the drivers of the 
next generation of information technology. By 
deconstructing conventional value-chains and 
replacing them with more sustainable IT alternatives, 
we have the opportunity to transform the future. 
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A Brief History of IC Packaging and Interconnection Technology 
Joseph Fjelstad 

Verdant Electronics 
 
The Beginnings 
 

The invention of the integrated circuit (IC) 
was a technological development of historic 
proportions. It has enabled countless products that 
have collectively accelerated the advance of world 
wealth and knowledge to an extent that has far 
exceeded the dreams and expectations of those 
credited with its conception, Jack Kilby of Texas 

Instruments and Robert Noyce of Fairchild and Intel. 
Still, as important as the IC clearly is, it would have 
proved nearly useless without some sort of IC 
package to support and interconnect it. Before the 
invention of the IC, discrete transistors were 
interconnected by means of a true printed circuit and 
assembled into modules that performed a few simple 
functions.  Figure 1 shows an example of a transistor 
cordwood module.  

 
Figure 1 The “cordwood” module by Control Data Corporation was developed to minimize connecting wire lengths 
and used printed circuits to connect tens to hundreds of transistors before ICs became common. (Source: Computer 
History Museum) 
 

These early devices were simple but robust 
interconnection structures, onto which the discrete 
electronic components, such as resistors, capacitors, 
diodes and transistors, were mounted, interconnected 
and sealed.  In terms of the basics of assembly, not 
much has changed in that respect over the last 50 
years. Components may have changed shape and size 
but they are still being soldered to PCBs. (There 
have, however, been significant advances in 
machines, processes and productivity, but that is 
another discussion.) For ICs and IC packaging, 
however, a great deal has changed as the equipment 
used to package the first ICs was relatively simple 
and completely manual and today is highly refined 
and nearly all automated.  Tthe story of the changes 
over time is a very interesting one.  
  

The first planar IC was fabricated by 
Fairchild in May 1960 and as the IC began to be 

commercialized by co-innovators and developers 
Fairchild and Texas Instruments, each company went 
in search of markets. Fairchild’s first IC products 
were called “Micrologic Elements,” and were 
packaged in commonly available 8-lead TO-5 cans 
which were reminiscent in shape and format to the 
vacuum tubes they were replacing. In contrast, Texas 
Instruments introduced its IC and a new packaging 
format at the same time [1]. The new package was 
called a flatpack and was designed to be surface 
mounted, a technology that did not gain wide 
acceptance in the electronics industry until almost 
two decades later.   
 

While Texas Instruments’ IC packaging 
work employed a new wire bonding technology 
developed at Bell Labs to make interconnections 
from chip to the package leads (see figure 2), 
researchers at IBM were developing and patenting a 
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technology for flip mounting silicon transistors onto 
substrates in the creation of hybrid ceramic circuits. 
Ceramic circuits were among the first 
commercialized printed circuits and interestingly, 
Jack Kilby worked briefly for one such company 
before joining Texas Instruments. His prototype 
appeared to reflect that experience.  
 

The techniques developed at IBM would 
later become famously known first as “flip chip” and 
later as C4 (controlled collapse chip connection). 
Independently and a year or so earlier at Siemens in 

Germany, a method for creating what could best be 
described as a near-chip size beam lead structure for 
transistors was developed. A somewhat similar 
technique was independently developed at Bell 
Laboratories around the same time. These prescient 
technologies yielded small devices and assemblies 
that in many ways resemble some of today’s most 
advanced technologies. It was a truly auspicious 
beginning for the young technology, but marked only 
the beginning of many developments yet to come. 
See Figure 2. 

 

 
Figure 2 Patent drawings from early IC interconnection innovations include clockwise from upper left a flip chip patent (US 
3,292,240 by Robert McNutt, Edward Davis and Arthur Mones of IBM), a beam leaded chip (US 3,184,831by Karl Siebertz of 
Seimens), another beam leaded device (US 3,426,252 by Martin Lepselter of Bell Labs) and wire bond interconnections (US 
3,006,067 by Orsen Anderson and Howard Christensen and US 3,075,282 Joseph McConville all of Bell Labs)   
 
Building for a New Market 
 

While Texas Instruments’ first package, and 
some other early IC packages, were designed for 
surface mount assembly, the surface mount assembly 
method did not lend itself well to volume production 
because the devices were normally hand-assembled. 
Moreover, the early ICs and their packaging 
technologies were expensive, limiting potential 
applications. For example, the TI Type 502 Flip-
Flop, which was the first production IC TI offered to 
the commercial market, was announced in March 
1960 (two months earlier than Fairchild’s first planar 
device). It carried a hefty price tag of $450.00 [2]. 
There was clearly a need to find new pathways and 
create viable economies of scale if the technology 

was going to find broader use and new markets 
beyond the military.  
 

Printed circuit technology with plated 
through-hole assembly capability offered just such an 
opportunity. Dual In-line Package (DIP) packaging 
(an invention credited to Don Forbes, Rex Rice, and 
Bryant ("Buck") Rogers at Fairchild) was a natural 
choice. The first devices were 14-lead ceramic 
devices with two rows of pins on 100 mil centers 
providing an early de facto standard for package 
pinouts and footprints. (See Figure 3) The DIPs later 
moved largely to plastic encapsulation but the 
standardized footprint also enabled the development 
of standard sockets for test and assembly, providing 
greater design freedom.  
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Figure 3 Intel’s first microprocessor the 4004 (which retailed for under $70.00) was packaged in a 16 pin ceramic 
DIP (Source: My Nikko) 
 

There were other important packaging 
solutions that were conceived in the early days of the 
integrated circuit industry that did not get much 
immediate attention but which were later embraced 
for many applications and still are employed in some 
specific areas. The most important of these is 
generally referred to as TAB which was short for tape 
automated bonding. As is often the case with many 
individuals seeking solutions, near simultaneous 
invention was the case for TAB. Two inventors of 

note in the area were Frances Hugel, a pioneering 
woman engineer in the field of IC packaging from 
Silicon Valley, who devised a method for automating 
assembly; and John Marley of ITT, who invented a 
device which was not only TAB-like but was among 
the first to describe what later came to be called a 
multichip module. Between them they had invented 
the important elements of TAB technology which 
found fairly wide popularity for many mid to high pin 
count ICs in the 1980s (see Figure 4). 

 

   
 
Figure 4 Drawings from U.S. patents for semiconductors.  On the left US 3440027 “Automated Packaging of 
Semiconductors” by Frances Hugel filed in June of 1966 and on the right US 3390308 “Multiple Chip Integrated 
Circuit Assembly” by John Marley filed in March of 1966 
 
SMT Rediscovered  
 

While machines and methods were 
developed for the automated assembly of DIPs, the 
package format proved too space hungry and 
performance limiting to keep pace with the increased 
I/O demands associated with ever increasing 
integration on the chip. At this point, the number of 
transistors was doubling every 18-24 months in 
accordance with “Moore’s Law,” so dubbed by Dr. 
Carver Mead, an astute observer of the predictive 
observations of Intel’s Gordon Moore [3].  
 

As time progressed there was an increase in 
input and output terminals (I/O) on ICs, which caused 
the size and performance limits of the DIP to be 
reached. At the same time there was an explosion in 
portable consumer electronics in the late 1970s and 
early 1980s, led by companies such as Sony. The 
combination of the two events resulted in the 
emergence and ushering in of a host of new packages 
to replace the DIP, and companies in Japan took a 
leading role in both their development and 
introduction.  
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Figure 5 Example of common leaded surface mount packages and a single frame of TAB tape or Tape Carrier 
Package. TAB is still commonly used for connecting display driver chips but has been largely replaced by BGAs for 
high pin count applications. From the upper left in clockwise fashion are a SOP, a TSOP, a TAB frame and a QFP 
(Source: Toshiba) 
 

These new devices displayed I/O terminals 
at the edges of the package like the DIP, but the leads 
were set at a finer pitch, not amenable to use of 
through hole interconnection and assembly. The 
packages were also thinner, having I/O terminals 
located on either two or all four sides to minimize the 
size of the package. These new packages were 
collectively called surface mount devices (SMD) and 
brought with them a new set of IC package acronyms 
such as: SO or Small Outline package (originally 
called Swiss Outline when first invented at Phillips in 
the late 1960s), SOTs (Small Outline Transistors), 
SOICs (Small Outline Integrated Circuits) and 
TSOPs (Thin Small Outline Packages) and QFPs 
(Quad Flat Package) and a host of others. (see Figure 
5).  With advances in equipment, these packages 
could be automatically assembled with good yields as 
long as the I/O pitch was not reduced to less than 
0.5mm. 
 
 
Driving Down the Size   
 

The electronics industry’s mantra has long 
been ”smaller, faster, lighter, cheaper.” However, as 
I/O counts continued to rise, peripherally leaded 
devices could not keep pace and something new on 
the IC packaging front was going to be required. 

While SO and TSOP packages were able to still 
provide benefit for lower I/O, for larger pin counts 
something new was required and the pin grid array 
(PGA) was looked to as a solution to meet the 
performance and I/O requirements of 
microprocessors in 2nd & 3rd generation PCs. This 
format remains in use today for the various high end 
processors. IBM had actually employed the PGA 
format for the modules used in the 360 computer 
introduced in the early 1960s (see Figure 6). 
 
  The PGA was preferred as a socketable 
device and CPUs have driven the development of 
high pin count IC packaging for most of history. The 
PGA was the first package to employ the important 
concept of area array interconnection which later 
inspired the development of ball grid array (BGA) 
technology. BGAs provided more I/O in less space 
than QFPs, even when the former’s I/O pitch was 
coarser, and thus, in the late 1980s and early 1990s, 
BGAs arrived as the surface-mountable incarnation 
of the PGA. Even so, BGAs took a while to catch 
hold as the industry grappled with quality assurance 
and reliability engineers’ concerns regarding the 
myriad of blind interconnections that resided beneath 
the package. Once comforted by actual experience 
that reliable interconnections could be readily made 
with good yield, even better than fine pitch lead 
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frame devices, the industry embraced the concept and BGA technology took off. 
 

 
 
Figure 6 The IBM 360 Module used a four sided pin configuration (left) and that presaged the Pin Grid Array or 
PGA (right) (Image source: Computer History Museum)  
 
 
 

Around the same time as the BGA was 
introduced, the electronics industry was trying to 
define and implement what many considered the 
“ultimate solution” for manufacturing electronics, the 
multichip module (MCM). MCMs were not all that 
new; they had deep roots in the hybrid circuit 
industry and the Marley patent shows early thinking 
along the line, but the challenge was to make what 
was largely a military technology into a commercial 
one. Probably the most daunting of the challenges for 
MCMs was the availability of known good die 
(KGD). A number of schemes were developed in the 
late 1980s and early 1990s including some plating of 
interconnections onto chips in a planar fashion at 
Raychem’s Advanced Packaging Technologies 
group, Unistructure and General Electric. These 
concepts are presently being revisited by companies 
like Imbera and FreeScale for multichip assembly 
with some success as a less expensive alternative to 
building an entire system on a chip (SoC). However 
in the mid 1990s the MCM concept was generally 
abandoned. Even so, it has in recent years been 
reborn in the form of various wire bonded and flip 
chip multichip packages and various stacked chip and 
system in package structures which were then still yet 
to come. These are now frequently referred to as 
System in Package or SiP solutions.   
 
The Emergence of Chip Scale Packaging  
 
Lack of KGD caused the MCM industry to flounder, 
as the concern of compound yield and expense 

loomed large in spite of the promise. While the 
industry sought ways to procure good die in 
unpackaged formats, innovators in a number of 
companies in the US, Europe and Asia saw 
opportunity to provide packages that were near the 
size of the chip to solve the cost problem by 
providing standards. One was Tessera, a small 
company formed principally by IBM veterans Tom 
DiStefano and Igor Khandros, who developed a new 
chip size package that provided the benefits of flip 
chip in a protected and easily tested and assembled 
format along with solder joint reliability. These and 
other similar devices were manufactured at near the 
size of the die and so became known as chip scale (or 
chip size) packages or CSP. At about the same time 
Tessera was emerging on the East coast, a small 
Silicon Valley company, M-pulse (later ChipScale 
Inc.). was fprmed. The company, founded by 
Wendell Sander (who had earlier been the key 
designer of the Apple III), was developing a method 
for packaging few I/O devices directly on the wafer 
by creating peripheral leads around the chips. It was 
an early version of wafer level packaging. 
 

A wide range of CSP package structures 
have been developed over time having both 
peripheral and area array leads. One of the challenges 
for CSPs is providing strain relief in the package to 
decouple the chip from the substrate to which it was 
mounted in a manner that had come to be expected 
with earlier generation packages. The problem is that 
there is a significant difference in coefficient of 
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thermal expansion (CTE) of the silicon chip and the 
substrate to which it was mounted, which could be as 
much as a factor of 6X. For very small die with few 
I/O, packaging engineers have determined that 
leadframe packages without leads can perform 
reliably for a range of applications. For example, 

Amkor’s Micro Lead Frame (MLF) package, a 
member of the quad flat pack-no lead (QFN) or small 
outline, no lead (SON) family, has proven quite 
popular. Figure 7 provides examples of peripheral 
and area array CSP. 

 
Figure 7 Examples of chip scale packages, an area array package (FPBGA) is shown on the left (courtesy Tessera) 
and a peripherally leaded QFN package on the right (courtesy AMKOR)  
 
  
Packaging the IC on the Wafer  
 

The evolution of the semiconductor package 
has moved to the next logical step, which is 
packaging at the wafer level, in many ways was a 
renaissance of IBM’s early flip chip technology. 
There have been many variations on the wafer level 
packaging theme proposed and implemented. The 

concept offers a host benefits not least of which is 
significant potential cost savings. It has thus attracted 
significant attention and spawned much research both 
in industry and in academia. One somewhat radical 
concept suggested the use of the package to share 
functions with the IC and accommodate power, 
ground and cross-chip interconnections (Figure 8) 

.  

 
Figure 8 Wafer level packaging taken to the extreme could redefine the relationship between the IC and package as 
inferred in the image above.  
 

While WLP is attractive, there are sobering 
concerns of cost and yield to be considered. To be 
cost effective, the package yield must be nearly 
identical to the wafer chip yield. Another concern 
involves die shrink. With each die shrink, the 
package footprint will likely change. As a result, 

PWBs with wafer-level packaged devices might well 
require a redesign with each die shrink—which is 
both time consuming and costly. Still, however, the 
WLP concept remains attractive, since it promises 
massively parallel processing and test and it is being 
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used for an increasing number of chips, especially 
those having low pin counts.  
 
Packaging Solutions Enter the Third Dimension  
 

Though chip packaging was reduced to true 
chip size using WLP, it did not mark the end of the 
road for package innovation. Product developers 
eager to put more function into the same footprint hit 
upon the idea of stacking CSPs. Again, the roots of 
this concept go back to the development of “memory 
bricks” for military products in the 1980s. Companies 
such as Irvine Sensors, DensePac, and Stacktek 
developed volumetric packaging solutions for 

memory chips. More recently, Vertical Circuits has 
been developing advanced solutions along the same  
lines. While effective, the earlier structures were 
monolithic and required greater than average skill to 
assemble. Since chip-scale packaging was widely 
embraced by the memory industry and by computer 
designers, who are always hungry for ever increasing 
quantities of memory, the notion of stacking finished 
memory packages was also widely embraced. 
Concurrently, there was been a surge in interest in 
stacking chips within a package and numerous 
companies are working on solutions. (See Figure 9). 
 

 
 

 
 
Figure 9 Stacked chip packages can help significantly conserve PCB real estate and with the use of thinned die, 
very little penalty in the Z axis.  However, die yields must be near perfect. Such structures are commonly employed 
to create system in package (SiP) alternative solutions to the time and expense of designing a complex chip.  
 

This approach, commonly referred to as chip 
stacking, is widely used by both semiconductor 
manufacturers and subcontract assemblers. Although 
the die is typically flash memory and SRAM, more 
complex stacks with up to nine die were assembled 
and shipped, some in significant volume. The issues 
that limit chip stacking solutions are the same ones 

that were faced by MCMs including: compound yield 
concerns, assembly complexity, sourcing KGD and 
managing multiple die vendors. One solution has 
been to stack not just die in packages but also 
packages on packages. Amkor, Stats-ChipPac, 
Tessera and others have taken on the challenge and 
an extreme example can be seen in Figure 10 

 
Figure 10 Top, side and bottom views of an extreme example of package stacking (Courtesy Tessera)  
 

In addition to the 3D solutions of stacking of 
chips and packages and the embedment and stacking 

of packages within packages, there has been long 
standing interest in folding packages to accomplish 
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certain design objectives for medical applications that 
have found some interest in broader market 
applications. Folded package structures are an 
example of a packaging solution that has been used 

successfully in hearing aid designs since at least the 
1980s. It is a relatively expensive process, however, 
and as a result has had difficulty finding greater use. 
An example can be seen in Figure 11 

 

 
 
Figure 11 Folded structures allow for testing before stacking to assure better yield while providing flexibility to 
combine die with differing wafer-level yield rates. Above is shown a process sequence. (Courtesy Tessera) 
    
Vertical Interconnections in Silicon 
 

Again following logic, in recent years there 
has been a significant amount of effort put forth in 
the exploration of through silicon via (TSV) 
technology in all of its various formats including chip 
on chip (CoC), chip on wafer (CoW) and wafer on 
wafer (WoW). Once again the roots of an apparently 
new technology extend back in time to the late 1980s 

when there was little to be gained. Presently, the 
interest is high and while there is a significant cost 
element to these technologies that needs to be fully 
understood, there are also significant promises, which 
could include a potential 35% reduction in overall 
operating power and the potential for a doubling of 
clock frequency, neither of which is an insignificant 
consideration.  An example of a TSV solution from 
Renasas in Japan can be seen in Figure 12 

 

 
Figure 12 A perspective edge and magnified edge view of a TSV assembly showing stacked chip interconnections 
(Courtesy Renasas)    
 
 
Rethinking PCB Design and IC Package 
Interconnection   
 

With all that has transpired since the 
development of the integrated circuit and the first IC 
packages, the evolution of IC packaging is far from 
over. Interconnections remain a rich area for 
exploration and new concepts and technologies 
continue to come to the forefront offering themselves 
as potential solutions to the ever expanding world of 
electronic products. One realm that offers significant 

promise is in chip-to-chip interconnection [4]. In 
spite of the excellent performance of copper as an 
interconnection medium, this material is often 
assumed to be too slow for next generation 
electronics applications requiring GHz speeds In 
truth, copper can successfully transmit signals at near 
the speed of light if properly configured.  
 

The challenge is not so much achieving 
signal speed as avoiding signal degradation. Signal 
integrity experts have frequently pointed out over the 
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years all of the issues and hurdles associated with 
present printed circuit materials, manufacturing 
practices and design approaches. With the 
understanding that the fundamental objective is to get 
the signal to its objective as cleanly, clearly and as 
fast as possible, a family of novel IC packages 
interconnection technology was introduced in 2003 
and demonstrated 20Gbps performance [5]. In 
practice, all high speed signals are launched from the 
surface of the chip package with I/O drivers 
connected directly to those signal lines though a 
controlled impedance cable to the surface of another 
chip package of similar construction (Figure 13).  
 

This allows signals to be transmitted directly 
between chips with virtually no performance sapping 
interruptions. Simplicity is one of the important 
overarching results of this approach. The method 
allows for a reduction in layer count in both the IC 

packages and the substrate to which they are 
mounted. These proprietary copper-based 
interconnection solutions for high-speed electronic 
applications are capturing increased interest as a 
potential solution for high performance applications.  
 

Current literature indicates that a number of 
companies are looking at such prospective solutions 
for solving problems on the horizon, not the least of 
which is energy conservation as the technology has 
been shown to significantly reduce power 
requirements for data transmission from point to 
point. For companies with large numbers of routers 
and servers, this could translate into savings of 
hundreds of millions of dollars annually, most of it 
resulting from relatively simple changes to the IC 
package and its interconnection. 
   

 

 
Figure 13 Making interconnections directly between IC packages has been shown to greatly improve performance 
while simultaneously reducing power requirements (courtesy SiliconPipe, Inc)  
 
Circuits Last Package and Electronics Assembly  
 

Constant change is a hallmark of the 
electronics industry.  Unfortunately, some change is 
forced by legislation such as the RoHS requirements 
out of Europe which forces the electronics industry to 
use higher temperature lead-free solder and there are 
many problems now coming into focus. In the wake 
of the present challenges, there are a few movements 
underway to eliminate solder from the assembly 
process. It has been observed by reliability experts 
from around the globe that most of the yield loss and 
reliability problems facing the industry are related to 
solder, so it removal from the process is deemed 

logical. In fact, completely solder free assembly with 
circuits plated direct to component leads will reduce 
total manufacturing steps and thus cost, but there are 
a host of other benefits [6]. For example, low 
material use and near zero waste is possible as nearly 
all materials used can stay with the product. 
Elimination of solders, which now increasingly use 
expensive semi-precious metals such as silver,  will 
reduce component height as the solder ball often 
represents up to one half of component height. 
Moreover, lower cost materials can be used in some 
assemblies and copper peel strength requirements can 
be potentially reduced. The elimination of solder 
lands in design allows for improved routing and 



 

Silicon Valley Engineering Council Journal, Volume 1, 2009 16  

reduction in circuit layer count with associated cost 
and improved design security is possible with 
components hidden from public view.  
 

Such structures will allow for integral heat 
spreader possibilities for improved thermal 
management and there will be no board damage due 
to high temperature exposures and no high 
temperature damage to electronic devices or PCB 
(e.g. “popcorning”). In addition, no expensive or 
suspect finishes are required or will be greatly 
reduced and PCB shelf life issues are avoided and no 
spares required because the circuits are produced in 
situ. The structures can be all copper, requiring no 
RoHS restricted material, and solderability testing 
requirements are eliminated from specifications. 
Overall manufacturing energy requirements are 
reduced with no pre-bakes or high temperature reflow 
required and bypassing solder related defects 
including excessive copper dissolution which has 
become a recent concern. There is also no post 
assembly cleaning concern, which is a significant 
challenge for fine pitch devices, and less testing is 
needed. 

 
The method also allows for components to 

be overlapped (e.g., package over package as 
opposed to package on package). Because the 
packages are embedded, the components are immune 
to shock and vibration; a recent report by Davide de 
Maio of National Physical Laboratory in England 
indicated that 80% of failures in lead-free soldering 
are related to shock and vibration [7]. In addition, the 
completed assembly can be jacketed with metal to 
create a near hermetic assembly and that same metal 
jacket can provide complete EMI immunity for the 
assembly. In anticipation of optical interconnections 
of the future, assemblies are amenable to adaptation 
to optoelectronic component integration and 
inclusion of optical channels on surfaces. Finally, 
assemblies can be joined in 3D fashion, creating true 
“Manhattan” routing of signals, up, down and 
laterally. (Figure 14 shows an example.) 
Investigation and development of the technology is 
underway in several locations around the globe and 
published results are expected in the coming year. 
   

 
 
Figure 13 Solderless assembly of electronics is an area of growing interest due to the many advantages that it 
prospectively presents. The assemblies can be joined to offer true Manhattan, shortest path routing and the potential 
to address thermal issues on the front rather than the back end of the design process.  (source: Verdant Electronics)   
 
Summary 
 

 Although IC packaging technology 
followed the road paved by the IC throughout most of 
its history, interconnection and packaging 
technologies are now much more an equal partner 
with the IC and have arguably become even more 

important than the IC in many ways. This is because 
for the present and the foreseeable future, packaging 
is the real gatekeeper of electronic performance. 
Clearly the realm of electronic packaging is far closer 
to the beginning than the end of the road that 
technology is presently on.   
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Abstract 

The characteristics of substrates that enable flexible displays with organic light emitting devices (OLEDs) are 
discussed in this paper.  Steel foils are attractive because of their tolerance to high temperature processing 
(~1000°C), dimensional stability, chemical resistance, and relatively low coefficient of thermal expansion.  Opaque 
steel foils are also a strong moisture and oxygen barrier, so they effectively protect top emission OLEDs, which are 
designed to efficiently emit saturated colored light away from the substrate. 

 
Introduction 

Flexible large area electronics will enable many new 
energy conversion, biomedical, and (as discussed 
here) display applications. Future displays will be 
bendable, conformal, light-weight, unbreakable 
(shatter proof), and possibly cheaper to manufacture 
through roll-to-roll processing [1]. A flexible display 
system can be broken down into two main 
components, the backplane electronics which drive 
the display and the light emitting elements. Both 
components are currently being researched and 
developed. 

All flat panel display technologies require driving 
electronics on the backplane to address and power a 
two-dimensional array of individual pixels, which in 
combination form the display image. The most 
common backplane scheme is active-matrix. Active-
matrix displays have a direct drive circuit at each 
pixel [2] which is generally composed of one or more 
thin-film transistor (TFT) switches and storage 
capacitors. Each pixel maintains a charge by means 
of this capacitor and each is controlled dynamically. 
For liquid crystal displays (LCDs) amorphous silicon 
TFTs are used in conjunction with a storage capacitor 
to form an active-matrix pixel. Similar pixels deliver 
the driving current to organic light emitting devices 
(OLEDs) [3], which emit light. 

Thin-film transistors like all field effect transistors 
(FETs), are comprised of a gate insulator, an active 
channel layer, a source-drain layer, and gate contacts. 
FETs main function is to act as a voltage controlled 
switch that regulates current flow to the OLED. TFTs 
have a similar functional structure as transistors used 
in modern day integrated circuits and to first order 
work the same way. In the ON state, a control voltage 
attracts majority carriers which form a conducting 
path in the active channel material at the insulator 
interface [2]. 

Many types of flexible materials are available as 
substrates. For example, glass is flexible, albeit 
brittle, at thicknesses below ~100µm. Its advantages 
over both metal and polymer foil are optical clarity, 
coefficient of thermal expansion (CTE) well matched 
to Si thin-films (including SiOx and SiNx), good 
chemical barrier, sensitivity to process chemicals, 
and surface smoothness; however, a drawback of thin 
glass is brittleness [5]. 

Thin steel foils are opaque, so they can only be used 
with top emission OLEDs i.e. OLEDs that emit light 
away from the substrate. Also metal surfaces are 
rough and intrinsically electrically conductive. This 
means that planarization layers are needed to smooth 
the substrate and electrical insulation layers are 
needed to isolate the substrate from the TFTs. The 
positive attributes of metal foils include chemical and 
thermal stability and a relatively low CTE compared 
to polymer substrates. Another substrate is a polymer 
foil that can be made optically clear, which is 
advantageous for a transparent display; however, 
polymer dimensional and chemical instabilities are 
inherently worse than the other options, and the lower 
process temperatures required to make devices on 
polymers leads to poor quality TFTs that are unable 
to supply sufficient current to the OLED elements. 

OLEDs comprise the light emissive component of 
flexible display systems.  OLED emission properties 
enable wide viewing angles, microsecond response 
times (that reduces motion blur), deeply saturated 
colors that surpass NTSC (United States television 
standard), black off states that enable 1,000,000:1 
display contrast ratios, power-on demand to each 
pixels so displays can be ~5 times more power 
efficient than displays such as LCDs with backlights 
that are constantly on, and the ability to make razor 
thin displays due to the thin nature of the OLED.  
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Figure 1 shows a cross-sectional transmission 
electron microscope (TEM) image of an OLED. 
Today active-matrix OLED displays fabricated on 

traditional glass substrates are finding their way to 
market. The primary use includes portable displays 
and more recently active-matrix OLED TVs.

Figure 1. TEM image of a top emitting OLED where light is emitted away from 
the glass substrate and through the top indium-tin-oxide layer. Each division on 
the scale represents 20nm, so the structure is <0.5um thick without the glass 
substrate. 

 

Organic Light Emitting Diode Frontplanes 

Given that the OLEDs are deposited in opaque 
electronic drive circuitry, the most efficient direction 
to emit light is away from the substrate or through the 
top of the substrate.  Top emission OLED (TOLED) 
structures are designed such that a transparent 
conductive oxide is deposited onto the organic 
materials or they are designed to form microcavities 
with metal electrodes.  Transparent conductive oxides 
are typically sputtered onto organic materials and 
damage to the organics caused by the sputtering 
process is undesirable, so microcavities are a 
preferred TOLED design [6]. 

The TOLED structure forms an optical microcavity 
and depending on the device physical dimensions and 
complex refractive indices of constituent materials, 

the microcavity can have narrow emission peaks that 
are tunable over the visible range. Light emission 
through the top of the cavity is engineered by using a 
top metal cathode that is thinner (hence less 
reflective) than the metal electrode deposited nearer 
to the substrate. 

In AMOLED displays, the red, green and blue sub-
pixel thicknesses are individually optimized such that 
they emit saturated Commission Internationale de 
l’Eclairage (CIE) (0.67, 0.32), (0.22, 0.72) and (0.14, 
0.08), respectively.  These color coordinates enable a 
large color gamut to be rendered by the AMOLED.  
For example, the emission spectra of a commercial 
AMOLED product are shown in Fig. 3.  The peaks at 
458nm, 526nm and 618nm correspond to the 
emission from the blue, green and red subpixels. 
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Figure 2. The emission spectra of red, green and blue microcavity top emission 
OLEDs.  Saturated CIE (0.67, 0.32), (0.22, 0.72) and (0.14, 0.08) are necessary 
for vivid color rendering with >100% coverage of the NTSC gamut. 

 

Flexible Stainless Steel Backplanes 

Steel foils are attractive because of their tolerance to 
high temperature processing (~1000°C), dimensional 
stability, chemical resistance, and relatively low 
coefficient of thermal expansion. Additionally, for 
OLED based displays, metal substrates can provide 
an excellent oxygen and moisture barrier critical for 
extended OLED lifetimes [7]. 

Since electronic grade metal foils are not readily 
available, smooth substrates are hard to find because 
striations form on the surface of the stainless steel 
from defects in the rollers used in the rolling process. 
However, stainless steel is perhaps the best option for 

a metal foil substrate primarily due to its insensitivity 
to chemicals used in TFT processing. 

Stainless steel foils can be made smoother using 
chemical-mechanical polishing (CMP), or another 
option is to planarize the rough surface without any 
polishing [8]. There are many planarization materials 
available ranging from spin-on glasses (SOG) to 
polymers such as benzocyclobutene (BCB) and even 
polyimide. Both SOG and polyimide have been used 
to planarize metal foils for TFT fabrication.[9,10] 
Figure 2 shows 3D surface profiles for a stainless 
steel substrate as purchased and planarized using 
SOG [11]. 

 

       

Figure 2. 3D surface profile of a 300micron by 300 micron section of steel 
substrate as purchased (left) and planarized  (right) [11]
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Once the substrate is sufficiently isolated and 
planarized, TFTs can be fabricated using the same 
techniques as those for TFTs on glass, used by the 
LCD industry. After completing the backplane, 
OLEDs can be deposited to form the frontplane, 

which together with encapsulation completes the 
display. Figure 3 shows an active-matrix OLED 
display fabricated on stainless steel both in a flat and 
in a flexed position. 

 

 

Figure 3. The entire display is shown in the (a) flat and (b) bent positions and all 
pixels are illuminated [11]. 

Conclusion 

As technical challenges are overcome, flexible panel 
displays may become ubiquitous due to their innate 
thinness, foldable form factor and potential 
manufacturability ease. Recent prototype 
demonstrations at the Society for Information 
Display and the Consumer Electronic Shows have 
garnered significant interest from the public, so 
expectations for the future of this technology are 
flexible. 

References 

 

1. L. Collins, Roll-up displays: fact or fiction? 
IEEE Review, vol. 49, no. 2, pp. 42- 45, 
2003. 

2. T. Tsukada, Active-matrix liquid-crystal 
displays in Technology and applications of 
amorphous silicon, R. A. Street, Berlin: 
Springer Verlag, pp. 7 – 93, 1999. 

3. C. W. Tang and S.A. Van Slyke. Organic 
Electroluminescent Diodes Applied Physics 
Letters, vol. 51, pp. 913-915, 1987. 

4. R. A. Street, Hydrogenated Amorphous 
Silicon, Cambridge University Press, pp. 
372-377, 1991. 

5. A. Plichta, A. Habeck, S. Knoche, A. Kruse, 
A. Weber, N. Hildebrand, Flexible  Glass 
 Substrates  in  Flexible  Flat  Panel 
 Displays.  G. Crawford, Wiley, pp. 35-55, 
2005.    

6. C. L. Lin, P. Y. Hsieh, H. H. Chiang and C. 
C. Wu, Analyzing and tuning emission 
characteristics of top-emitting organic light 
emitting devices, Journal of the Society for 
Information Display, vol. 13, pp. 253-259, 
2005. 

7. V. Cannella, M. Izu, S. Jones, S. Wagner, 
and I.-C. Cheng, Flexible Stainless-Steel 
Substrates Information Display,  pp. 24-27, 
June 2005. 

8. T. Afentakis, M. Hatalis, A. T. Voutsas, and 
J. Hartzell, Design and fabrication of high-
performance polycrystalline silicon thin-film 
transistor circuits on flexible steel foils, 
IEEE Trans. Elec. Dev., vol. 53, pp. 815-
822, 2006. 

9. S. D. Theiss, and S. Wagner, Amorphous 
Silicon Thin-Film Transistors on Steel Foil 

1cm 



 

Silicon Valley Engineering Council Journal, Volume 1, 2009 22  

Substrates. IEEE Elec. Dev. Lett., vol. 17, 
pp. 578-580, 1996. 

10. A. Chwang, R. Hewitt, K. Urbanik, J. 
Silvernail, K. Rajan, M. Hack, J. Brown,J. 
Lu, C. Shih, J. Ho, R. Street, K. Tognoni, B. 
Anderson, D. Huffman,T. Ramos, L. Moro, 
and N. Rutherford, Full Color 100 dpi 
AMOLED Displays on Flexible Stainless 
Steel Substrates, Soc. Info. Disp. Symp. 
Digest, vol. 37, pp. 1858-1861, 2006. 

11. A. Z. Kattamis, N. Giebink, I-C. Cheng, Y. 
Hong, V. Cannella, S. R. Forrest, and S. 
Wagner, AMOLED Backplanes of 
Amorphous Silicon on Steel Foils, SID 
International Display Research Conference, 
9.3, 2006. 

 



 

Silicon Valley Engineering Council Journal, Volume 1, 2009 23  

MOS Transistor Technology from Planar to Nanowire Transistors 
    

Bhaskar L. Mantha* and Jack E. Berg** 

*   Bhaskar L. Mantha is Professor of Electrical Engineering, 
     Tri-valley University, Pleasanton, CA 
** Jack E. Berg is Chief Technologist at American 
Semiconductor,   San Jose, CA 

 

 
 

INTRODUCTION 

 

The 100x scaling of MOS (Metal Oxide 
Semiconductor) transistors, in high volume 
manufacturing from 3um – 30x smaller than the 
diameter of a human hair - in 1980 to 32nm, or 
nearly 3000x smaller than the diameter of a 
human hair, in 2009 is the major reason why the 
computation speed of an 1980’s $2,000,000 
supercomputer can be found on a $1200 laptop 
today. This result of “Moore’s Law” has been 
driven by shrinking planar technology, where the 
transistors are all on the surface of a silicon 
wafer. At technology nodes below 32nm, the 
transistor architecture will likely to change. 
Possible changes include: planar technology with 
fully depleted SOI, a thin silicon body, vertical 
silicon nanowires, and horizontal nanowires. We 
will explore each of these options in this paper, 

and suggest the strengths and weaknesses of each 
approach.  

 

BASIC NMOS TRANSISTOR 

 

The MOS transistor was first invented in 1925 
by Dr. Julius Lilienfield [1]. Bell Labs described 
the 1st functioning MOS transistor in 1960 [2], 
but it was not a very stable device, due to the 
presence of sodium, found in common table salt 
and human sweat. This meant that even touching 
wafers during the production process did 
irreparable harm to transistors. This is the 1st of 
many reasons why humans, who are a source of 
sodium, dust, and other microscopic 
contaminants, wear the well-known bunny suit in 
clean rooms. 
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Fig. 1. Engineer in a bunny suit before entering a clean room [3] 

 

There are two basic types of MOS transistors. 
One is the NMOS (N-channel MOS) and the 
other is called PMOS (P-channel transistor). 
Discussion in this paper is confined to NMOS. 
PMOS transistors have P+ source, P+ drain and 
n-type substrate. Operating voltages are negative. 

Putting NMOS and PMOS devices together on 
the same monolithic silicon is called CMOS 
(complementary MOS).  

Basic MNOS planar transistor cross-section is 
shown in Fig. 2 [4].

 

 

Fig. 2. Basic N-channel MOS Transistor and NMOS cross-sections [4]  
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The NMOS transistor consists of a p-type silicon 
substrate, a gate oxide, a polysilicon or metal 
gate on top of the gate oxide, two highly n+ 
doped regions on either side of the gate called 
source and drain and field oxide regions. The 
field oxide regions isolate adjacent transistors 
from communicating with each other. The gate 
controls the flow of current between the source 
and drain. When the gate voltage is swept from 0 
volts to 5V, in the case of 0.5µm to 5µm 
technologies, and 1V in the case of 45nm 
technologies, the p-type surface is inverted to 
become n-type at a certain voltage (typically 

between 0.2V and 0.6 V). This voltage is called 
threshold voltage (Vth). Below the threshold 
voltage, the transistor is in the off state. Above 
the threshold voltage, the transistor is in the on-
state and conducts current. In a silicon MOS 
transistor, there is always certain amount of 
leakage current in the off state. This is called off-
state leakage current (Ioff).  

Typical ID-VD characteristics for a NMOS 
transistor fabricated in 0.25μm are shown in Fig. 
3. 

 

 

 

Fig. 3. Typical drain current (ID) versus drain voltage (VDS) characteristics of two NMOS transistors for 
different gate voltages (VGS) for a 0.25 μm technology [4] 
 

The transistor has 3 distinct regions: the off-state 
region, the linear region, and the saturation 
region. Linear or triode region starts from 
VDS=0V to VDS ≤ VGS - Vth. Saturation starts 
from VDS ≥ VGS - Vth . Drain current in 
saturation is called IDsat or Ion. IDsat or Ion is 
determined at VDS=VGS=VDD (the supply 
voltage). 

IDS =  (μ Cox) . (W/L). [(VGS-Vth).(VDS) – 
(VDS2/2)]    Linear region 

 
IDsat =  Ion = (μ Cox/2). (W/L). [(VGS-Vth)2]                
Saturation region  
 
where μ is electron mobility, Cox is the gate oxide 

capacitance per unit area. 
Long channel width W and length L are changed 
to Weff and Leff for short channel devices. Weff 
and Leff  are effective width and length 
respectively. 
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TRANSISTOR SCALING 

Reducing or scaling down the size of transistors 
allows packing more and more transistors in a 
given silicon real estate area. The scaling down 
of transistor size enabled Intel to fabricate a 
microprocessor chip, such as the Montecito 
Itanium) with one billion transistors at 65nm 
technology node in 2008 [5]. 

In 1974, Dennard and his coworkers at IBM 
proposed scaling rules for MOS transistors [6]. 
The proposals postulate that a shrunk transistor 
can be designed if certain conditions are met. For 
example, if transistor dimensions (width and 
length) are shrunk by a factor of “λ” (0< λ < 1) 
then,  

W’ = λW, L’ = λL,  tox’ =  λtox, xj’ = λxj,  Psub’ = 
Psub/λ ,  

VDD’ = λ.VDD 

where W and L are width and length, tox is the 
gate oxide thickness, xj is the junction depth of 
source/drain and Psub is the substrate 
concentration, VDD is the supply voltage of a 
long channel transistor, W’, L’ etc are 
parameters of a shrunk transistor. All the scaling 
parameters are not listed here for the sake of 
simplicity. 

A key metric in designing and fabricating 
transistors is the ratio of the on-leakage current 
to the off-leakage current; the higher the value, 
the closer the transistor behaves like an ideal on-
off switch. As devices shrink, the off-state 
leakage becomes a significant challenge, as 
several components of that leakage increase as 
scaling decreases. The components include: the 
sub-threshold leakage current (drain to source 
leakage current for VGS < Vth); the junction 
leakage current (drain to substrate leakage 
current); and the gate oxide leakage current. 

The on-state current (Ion) determines the speed of 
a circuit. The off-state current determines battery 
life in portable applications such as PDA, 

 i-Phone, and Blackberry. Typical on-state and 
off-state currents for a 65nm  technology are 

~500μA/μm width and ~0.025na/μm for low 
power technology. 

Increasing the on-current as technology shrinks 
also runs into its share of challenges and physical 
limits as well. Several of these include: velocity 
saturation (electron velocity saturates at 107 
cm/sec for electric fields of 105 V/cm at 300oK); 
mobility degradation due to higher vertical gate 
fields, higher horizontal drain field, and higher 
carrier scattering due to surface impurity 
concentrations (~1018/cm3).   

Dennard’s idea resulted in the planar MOS 
device working well below 45nm technology 
node with some significant innovations, such as:  

Shallow trench isolation (STI) replacing field    
oxide isolation (Fig. 4) 

Halo implants (Fig. 4) under the source/drain – 
optimization reduces GIDL (Gate Induced Drain 
Leakage) current [7] and improves off-current. 

Ultra-shallow junctions (xj ~ 5nm to 10nm) 
using low energy (0.5 to 1.0KeV) single wafer 
ion implanters – to minimize as implanted 
junction depth and to improve off-state current. 

1millisecond FLASH anneals - activate 
implanted impurities without increasing the 
junction depth. 

 Silicon oxy-nitride gate dielectric – higher 
dielectric constant (between 4 and 9) makes 
physically thick and electrically thin film – 
reduces gate leakage while improving on-
current. 

Refractory metal (W, Ti, Co, Ni) silicides on top 
of polysilicon gates and source drain regions 
(Fig. 4). Silicides are formed when refractory 
metals are react with silicon or polysilicon by 
thermal anneal process.  

Fully silicided polysilicon gates (or FUSI) – 
entire polysilicon gate is converted to silicide – 
reduces depletion layer in the gate. The depletion 
layer in the gate increases equivalent gate oxide 
thickness. This method reduces the electrical 
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equivalent gate oxide thickness variations due to 
voltage swing on the gate.  

Low inter-metal dielectrics (k=2 to 3) and copper 
interconnects to reduce the wiring delays 
between transistors. 

 

 

 

 

 

 

   

 

Fig. 4. Typical cross-section of a sub-130nm NMOS transistor 

 

Additional improvements are needed for 45nm 
and 32nm technology nodes such as high 
dielectric constant (k > 20) gate dielectric 
materials (HfO2, ZrO2 etc.), metal gates (Ti, TiN, 
Mo etc.) and strained silicon (for increasing 
carrier mobility) and the use of germanium in 
lieu of silicon in parts of the structure in order to 
improve carrier mobility. 

SOME APPROACHES FOR SUB-33nm 
TECHNOLOGIES 

As we shrink technology nodes towards 22nm 
and smaller, conventional planar transistors will 
require additional novel inventions and 
techniques to remain useful. New structures have 
been proposed in order to overcome the 
problems:  

• Silicon-on-Insulator with fully depleted 
channel (FDSOI) (Fig. 5a) 

• Ultra thin body Silicon on Insulator (UTB) 
(Fig. 5b)  

 

The new structures employ silicon on insulator 
substrates (thin silicon layer over oxide over 
silicon substrate as shown Fig. 5a, Fig. 5b. Fully 
depleted SOI has top silicon layer thickness of 
20nm to 30nm (Fig. 5a). Top silicon layer 
thickness for ultra thin body SOI has a thickness 
of 6-8nm (Fig. 5b).  IBM’s ultra thin body SOI 
transistor is shown Fig. 6 [8]. Silicide layers over 
source, drain, and polysilicon gates (brightest 
areas) can be seen in Fig. 6. 
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                                          a                                                        b 

Fig. 5 Illustrations of typical (a) FDSOI, (b) UTB transistor cross-sections 

                               

 

Fig. 6. IBM’s UTB transistor with TSi = 6nm and Lgate = 7nm [8] 

 

Other structures proposed are: 

• FIN FET with double gate 
• FIN FET with tri-gate  

• Nanowire transistor with gate all around 
(GAA) 
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Fig. 7 shows FIN FET with double gate and 
SEM cross-section. Tri-gate  FIN FET is 
obtained by replacing the thick top oxide with 
gate oxide. 

 

                                                                                                                   

        

        

Fig. 7. Double gate FIN FET and SEM cross-section. Tri-gate transistor is formed if the top oxide (blue 
color) is gate oxide 

 

NANOWIRE TRANSISTORS 

A completely “outside-the-box” approach to the 
sub-22nm scaling is the use of nanowires. 
Typical vertical ZnO nanowire transistor is 

shown in Fig. 8 [9], [10]. The figure shows gate 
material surrounding the nanowire. Diameter of 
the nanowire is 35nm, and the gate length is 
200nm. Ultimate goal for researchers is to 
fabricate sub-10nm gate length transistors. 

                          

   

Fig. 8 Vertical ZnO nanowire transistor [9], [10]
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Fig. 9. Amorphous Silicon nano-cone array [13] 

There are two approaches to nanowire fabrication

• Top down 
• Bottom up 

 

Top down approach involves traditional 
fabrication techniques such as lithography and 
etch. Devices made by top down approach are 
horizontal with gate all around structures [11]. 

Vertical silicon nanowires are grown by bottom 
up approach. The bottom up approach involves 
using VLS (Vapor Liquid Solid) method with Au 
(not a suitable material for silicon fabrication) as 
the seed material. This growth method does not 
need lithography and etching [12]. 

Vertical silicon nano-cone array is shown in Fig. 
9 [13]. 

As the channel length approaches 10nm or 
shorter, carrier transport may become ballistic 
(carriers move without collisions with lattice 
atoms). The subject of nanowire technology is 
exciting because it is still in its infancy. There 
still remain fruitful research topics for further 
investigation: 

• Finding materials other than gold as a 
seed material  

• Understanding device parameter 
variability due to diameter and shape of 
nanowires 

• Understanding quantum mechanical 
carrier transport at these small device 
sizes 

• Understanding and modeling quantum 
mechanical effects in conductors and 
contacts 

• Process integration for giga-scale 
integration 

• Reliability issues such as gate oxide 
reliability, hot carrier reliability, NBTI 
(Negative bias threshold instability) in 
PMOS and PBTI (Positive bias 
threshold instability) in NMOS 

 

CONCLUSIONS 

Technology challenges as the industry shrank 
transistor dimensions down to 45nm were 
uncovered and solved. Exciting research 
opportunities continue to be uncovered as the 
industry makes its way to 5nm transistor sizes.  
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Abstract 

During the first century of flight, the San Francisco Bay Area and Ames Research Center in 
particular have been major contributors to making the dream of flight come true.  From the 
concept of electronically powered airships first flown in the Bay Area in 1869 to the establishment 
of Sunnyvale Naval Station, home of the mammoth airships in the 1930s, to the founding of Ames 
Aeronautical Laboratory in 1939, we have been in the forefront of many technological 
achievements.  While summarizing some of these activities, this paper will primarily explain how 
NASA Ames, both as an institution and through the collective efforts of those who have flourished 
here, moved from a facility optimized for subsonic aerodynamics into supersonic and hypersonic 
aerodynamics, then to the life sciences, supercomputing and information technology, material 
sciences, and nano-scale science and technology. 
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I. Early, Early Days 

To set the stage for a look at the 
contributions of the Bay Area to the age of flight, 
I would like to first look briefly into the past.  
Man's dream of flight dates back to ancient 
times.  Even before Galileo and Copernicus, 
inventors built wings to attach to themselves and 
jumped off towers expecting to fly like birds.  
The Chinese built toy balloons filled with hot air 
but took the concept no further. 

Man's attempt to conquer space and flight 
has taken many paths since Leonardo da Vinci 
designed the first though unworkable plan for a 
helicopter in the 1400s. [Figure 1]  The 
Montgolfier brothers, paper manufacturers in 
Lyons, France, experimented and built the first 
man-carrying balloon in 1783.  This was made 
possible, incidentally, in 1776 (the year of 
American independence) by the discovery by 
Cavendish of a gas called hydrogen. [Figure 2]   

I would like to mention a couple more 
"flights of fancy" before I pursue our main 
subject.  Jules Vern in 1875, with remarkable 
foresight, wrote about a three-manned capsule 
being launched to the moon from Florida.  Not 
only were our forefathers on earth taken by the 
idea of flight, but also from the accounts of H.G. 
Wells' War of the Worlds written in 1898, the 
Martians had already solved the high-speed entry 
problem into planetary atmospheres.  From 
accounts, the vehicle was a 30-meter diameter 
cylinder with a circular nose. [Figure 3]  There 
was no indication of a heat shield material except 
to say that it flaked off when touched. 

In the mid- to late-19th century, interest 
began to develop in designing a balloon/blimp 
that could be steered and powered, and could be 
made to move against the wind.  In 1884 Renard 
and Kreps tested an electronically powered 
airship.  [Figure 4] Surprisingly, a similar 
vehicle was also flown earlier in 1869 at 
Shellmound Park, just south of San Francisco by 
Mr. Frederick Marriott.  Thus we see that the 
San Francisco Bay Area was an early player in 
flight even before the Wright brothers flew. 
[Figure 5]  It was not until 1903 that these 

brothers, Orville and Wilbur Wright, 
accomplished the world's first manned, 
controlled flight that lasted all of twelve seconds 
and the distance covered was only as long as 
today's 747 aircraft. [Figure 6]  Another often-
overlooked event also took place in Santa Clara, 
California in 1905 when John Montgomery 
became the first American to fly (glide) a 
heavier-than-air machine. [Figure 6a]  However, 
that started a series of events in the world that 
were truly remarkable.  Let's look quickly at a 
few of the events. [Figure 7]  

II. First Century of Flight 

In 1926 Robert Goddard launched the first 
rocket to begin what was a long-term activity, 
which ended first with weapons (V-2) and later 
with unmanned and manned exploration of 
space.  This was followed the very next year 
(1927) by the epic feat of Charles Lindbergh, 
who alone flew a single-engine aeroplane, the 
Spirit of St. Louis, across the Atlantic from New 
York to Paris.  A few years later in 1932, Amelia 
Earhart became the first woman to perform the 
same feat.  Later that decade (1937) she was lost 
at sea attempting to circumnavigate the globe 
with a companion. 

In 1947, continuing this country's efforts to 
fly higher and faster, Chuck Yeager, a young Air 
Force pilot, became to first human to fly faster 
than the speed of sound (greater than Mach One) 
in a Bell X-1 Research Aircraft.  Soon after, the 
exciting era of space exploration began with the 
launch of the unmanned Russian Sputnik in 
1957, followed by the first human space flight 
(Vostok) with a pilot – Russian Cosmonaut Yuri 
Gagarin in 1961.  This was followed 
immediately by the first American to orbit the 
earth, John Glenn, in February 1962 in a 
Mercury capsule.  John Glenn went on to 
become a US Senator from Ohio and later in 
1998 became the oldest American to fly in space.  
In 1963 the Russians accomplished the first 
space flight by a woman, when V.V. Tereshkova 
orbited the earth several times in a Vostok-6.   

The Space Race really heated up with the 
race to put a man on the moon during the 1960s.  
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President John F. Kennedy directed NASA to 
land a man on the moon and return him safely to 
Earth by the end of the decade.  We succeeded in 
doing this in July 1969, when Neil Armstrong, in 
Apollo 11, became the first human to set foot on 
another body in the solar system. 

The first human-made object to leave our 
solar system (Pioneer 10) was launched in 1972 
and managed by the Ames Research Center.  The 
Viking spacecraft, which was launched in 1975, 
landed on Mars in 1976 and became the first of a 
long series to search for some form of life on 
Earth's nearest neighbor.  The principal 
investigator to detect life was Dr. Chuck Klein of 
Ames. 

In 1981, after many years of testing in wind 
tunnels, arc jet stimulators, and aircraft, 
America's first space shuttle with astronauts John 
Young and Robert Crippin successfully orbited 
the earth and landed safely at Dryden Research 
Center in southern California.  This was 
followed by many subsequent flights to construct 
an international space station.  Unfortunately, 
during the one hundred-plus flights of the Space 
Shuttle, we lost two of them, the Challenger and 
the Columbia, with their brave crews. Space 
exploration, like any pursuit of the unknown, is 
risky and expensive. 

The Hubble Telescope, launched in 1990, 
was the first of the great observatories and has 
captured spectacular pictures of our galaxy.  The 
Galileo probe, launched in 1989 to Jupiter and 
designed at Ames, became the first entry probe 
to enter the giant planet's atmosphere in 1995 
and to tell us about the atmospheric structure.  
The first elements of the International Space 
Station were launched in 1998 and the Space 
Shuttle crews are still assembling it. 

The last and most recent event that I would 
like to touch on is the recent launch and landing 
of the Mars Explorer Robots.  The twins, Spirit 
and Opportunity, were launched one hundred 
years after the Wright brothers first flew – a 
remarkable journey made possible by many 
dedicated people.   

 

III. Early Bay Area Events 

The Sunnyvale Naval Air Station was 
established at Sunnyvale, California in 1931.  
Construction was begun at that time on the 
massive airship hangar and completed in 1933.  
Prior to its completion, in 1932 a huge crowd of 
100,000 people came to view the first airship 
(the USS Akron) drop ghostlike out of the clouds 
above the air station.  In 1933, the Akron's sister-
ship the Macon, with its small fleet of scouting 
airplanes (the Sparrowhawks) made its home at 
Moffett Field. [Figure 8 and Figure 9]   

The next event I would like to talk about is 
the establishment by NACA (the National 
Advisory Committee for Aeronautics) of the 
Ames Aeronautical Laboratory in 1939. [Figure 
10] The first organized approach to conducting 
aeronautical research in the United States came 
in 1915 when Congress established the National 
Advisory Committee for Aeronautics (NACA). 
This was only twelve years after the Wright 
Brothers’ first flight in 1903 and two years 
before the United States put its aircraft into the 
test of World War I.  Outreach and intra-
institutional cooperation was at the heart of the 
NACA culture.  The NACA was structured as a 
hierarchy of nested committees with 
representatives from industry, academia, and the 
civil and defense branches of the federal 
government.  Their job was to create a discipline 
of aeronautical engineering, and apply it to 
America’s air aspirations.  To conduct specific, 
exemplary research projects, the NACA built a 
laboratory and a series of wind tunnels at 
Langley Field, Virginia.  Three other laboratories 
were later built as offspring of the Langley 
Memorial Aeronautics Laboratory: the Ames 
Aeronautical Laboratory (1939), the Lewis 
Flight Propulsion Laboratory (1940, now the 
Glenn Research Center), and the High Speed 
Flight Station (1946, now Dryden Flight 
Research Center).  Ames was named for Joseph 
Sweetman Ames, who chaired the NACA for 
twenty years, was an eminent physicist, and 
served as president of Johns Hopkins University.  
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He is widely recognized as the architect of 
aeronautical science.  Though he never set foot 
on the Center that bears his name, it is infused 
with his belief in the value of disciplined 
research, in the freedom of inquiry, and the 
immense responsibility that entails.  From these 
four government centers came most of the 
technology that shaped American aircraft, and 
many other significant industries.  And at these 
centers were trained the people who shaped 
much of the modern world. 

 Charles Lindbergh noted:  “The most vital 
area for aeronautical research is the human mind, 
not the facilities.”  The NASA Ames Research 
Center developed both minds and facilities 
(incidentally, at a site selected by Lindbergh). 
[Figure 11]  The key research facility for the first 
half of Ames’ history was the wind tunnel, and 
Ames engineers built many of the most 
sophisticated in the world.  The first wind 
tunnels built were the 16-foot subsonic tunnel, 
two 7x10 foot workhorse tunnels, followed by 
the closed loop 40x80 foot full-scale tunnel. The 
first test aircraft arrived in 1940, on loan from 
the defense services to the NACA, and hangars 
were built to house them.  Those aircraft types 
evolved over the years into sophisticated flight 
test beds, especially for rotorcraft research. 
Later, Ames people built hypervelocity ranges 
for reentry studies, essentially long and sturdily 
constructed tubes. Other key facilities have 
included arc jets for thermal protection research, 
laboratories and simulators for life sciences 
research, airborne science aircraft, and 
supercomputers for modeling airflows, planetary 
climates, and nano-materials. 
 Before I describe in detail some of the 
technical accomplishments of Ames Research 
Center, I would like to recognize the remarkable 
companies that populated the Bay Area in the 
early- to late-1900s.  This paper will not attempt 
to describe in detail their contributions but their 
presence in the Bay Area has spun off a 
remarkable array of benefits to the aerospace 
community. [Figure 12]   
 I would like to return now to my main topic, 
the contributions of Ames and its remarkable 
staff over the last sixty-five years. 
 

IV. Reinventing Careers 
 Some of the NACA’s most talented designers 
left Langley in the early 1940s to build and use 
the new facilities at Ames.  At Ames, they 

cultivated an atmosphere of freedom, and an 
appreciation for the role of basic research in 
taking a deeper look at new technological 
challenges.  On its sixtieth anniversary, the 
Center inducted into the NASA Ames Hall of 
Fame twelve individuals who have exemplified 
this spirit at Ames, which has proven remarkably 
resilient over the years. [Figure 13]  As 
appropriate to a Center that has contributed to a 
broad spectrum of science and engineering 
fields, these people were active in aerodynamics, 
engineering, physics, chemistry, computing and 
biology.  Many were recognized leaders in 
several fields of research.  Many of them 
vigorously avoided static places in the 
organization chart, all the better to lead by 
example and to hunt new knowledge across 
organizational boundaries.  Ames people, using 
the language of science, have written the poetry 
of our universe. 
 Three people in the Ames Hall of Fame, just 
as examples, can easily be called genius.  R.T. 
Jones flourished in this atmosphere of freedom, 
taking on the most complex problems and using 
mathematical tools to refine flight.  After his 
elegant explanation of the value of sweep in 
wings, he devised the transonic area rule, worked 
on fluid flows in artificial hearts, and then 
designed an oblique wing test aircraft.  Likewise, 
Dean Chapman moved easily from one field into 
another.  After a brilliant career as a 
aerodynamicist, he created new tools and 
methods for thermodynamics, then helped create 
the field of computational fluid dynamics.  James 
Pollack spent his entire career as a planetary 
scientist, though through his insight and 
mentoring he showed his peers how to make 
sense of all the data being returned from NASA 
spacecraft—and thus better understand all 
planets, especially our own. 
 And at each stage, Ames people were 
supported by Center Directors who—after 
themselves forging reputations for scientific and 
engineering excellence—managed the Center in 
the same spirit of integrity and essential public 
service that Smith DeFrance, Ames’ first 
director, infused throughout the Center.  If we 
focus on only the first three Center Directors, 
whose combined tenure spanned more than half 
the life of the Center, then we can see the spirit 
of reinvention at work.  [Figure 14] 
 DeFrance was an aeronautical engineer first 
renowned for his work in building large-scale 
wind tunnels at the NACA Langley Laboratory.  
At Ames, his management style was known as 
“management-by-poking-your-head-in.”  And 
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when he poked his head into your office, he first 
insisted on safety, soundness, integrity, and 
honesty.  He exemplified the spirit of civil 
service.  He also patrolled the borders of his 
Center, and so long as his staff kept his trust he 
protected his them from bureaucratic intrusion.   
 H. Julian Allen, the second Director, was a 
brilliant scientist and engineer who originated, 
then proved, the concept of bluntness as an 
aerodynamic technique for reducing the severe 
reentry heating of ballistic missiles and 
spacecraft.  His management style was also one 
of walking around, though more like 
perambulation driven by his intense curiosity 
about all things scientific.  He also had a show-
me sort of attitude, reflected in both his own 
career and the physical structure of the Center.  
He encouraged Ames theorists to devise new 
methods or apparatus to test and prove their 
ideas, and thus make them more useful to 
national needs. 
 Hans Mark arrived at the Center from the 
outside, with the explicit goal of reinventing the 
Center.  He was already an internationally-
recognized leader in high energy physics, 
weapons technology, environmental science, and 
research management.  During his tenure, he 
envisioned new ways of leveraging the brilliance 
of Ames people, and made frequent trips to 
Washington to gain support for new efforts.  But 
apart from his trips outward, he also walked 
around Center, encouraging Ames people to 
move into new fields, often by working with 
unexpected collaborators.  Most notably, Ames 
people began using advanced computers to 
calculate flow fields around aircraft and 
spacecraft, and took a more active role in 
spacecraft projects.  He first brought clarity to 
the Center mantra of personal and institutional 
reinvention.   
 NASA Ames has made many distinct 
technological contributions though all flow from 
the same basic core tenacity to apply what was 
known about emerging scientific fields to current 
challenges. [Figure 15]  Looking historically at 
sixty-five years of innovation, Ames people have 
accomplished most when their work intertwined 
with other fields of research.   
 At the Center, the initial focus was on 
aeronautical research to help the war effort.  
Ames people built the world’s greatest collection 
of wind tunnels, some still in service.   Applying 
their experience from building these early 
tunnels, they then built supersonic wind tunnels, 
which in turn led into hypersonic tunnels to 
study reentry configurations.  Ultimately, Ames 

devised arc jet tunnels to study reentry materials, 
which then required construction of material 
science laboratories that much later proved 
useful in defining the field of nanotechnology.   
 Ames people also forged an historical path 
from wind tunnels into a prominent place in 
space life sciences.  Starting with tunnel data to 
study handling characteristics, Ames people 
modified flight test aircraft, and then built 
simulators.  Simulators led Ames into the human 
factors, including fatigue measures and data 
display, and into basic research on adaptability to 
microgravity, which paved a path into 
exobiology and ultimately the exploration for life 
on Mars.   
 Our Center also paved a winding historic 
path from wind tunnels into information 
technology.  To better mine the data from these 
wind tunnels, Ames moved boldly into digital 
data computing, which led into supercomputing, 
then computational fluid dynamics, then into 
internetworking, then air traffic safety, and 
artificial intelligence and robotics.  At the birth 
of the commercial internet in the early 1990s, 
one-quarter of all the world’s internet traffic 
moved through Ames servers.  Meanwhile, using 
its expertise in handling massive amounts of 
data, Ames did fundamental work in infrared 
astronomy, earth sensing, robotics, remote 
visualization, and now nanotechnology.  
 Some specific contributions stand out along 
the intertwined pathways of these sixty-five 
years of innovation.  The swept-back wing now 
used on all high-speed aircraft was developed by 
R.T. Jones, who started his career at NACA 
Langley then completed his work among his 
cohort of Ames aerodynamicists. The blunt body 
concept used on every spacecraft to prevent 
burning upon entering a planetary atmosphere 
was developed by an Ames scientist, H. Julian 
Allen.  Center engineers managed the Pioneer 
series of planetary spacecraft, the first human 
made objects to pass through the asteroid belt, 
visit the giant planets, leave our solar system, 
and serve as the exemplar of the NASA faster-
better-cheaper approach to robotic explorers.  
The Viking life detection experiment, which first 
landed on the surface of Mars to search for life, 
was designed by Ames scientists.  Most recently 
the Lunar Prospector, which discovered water at 
the poles of the moon, was devised and 
controlled from NASA Ames.  NASA Ames 
people made many contributions to the stunning 
and continuing success of the 2004 Mars 
Exploration Rovers—including tests of the 
parachutes in Ames wind tunnel, tests of the 
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reentry materials in the arc jets, and all facets of 
the astrobiology, robotics, and information 
processing programs.   
 The Center was also successful in managing 
a number of small aeronautical and space 
projects. [Figure 16] 
 

V. Inventing New Disciplines 
 While it is historically more interesting to see 
all these accomplishments as intertwined 
developments, splayed along the temporal life of 
the Center, they can also be seen separately as 
distinct fields of innovation.  After all, new 
science and engineering graduates see the world 
through the prisms of scientific disciplines, and 
that is why they will want to come to work at 
NASA Ames.   
 Re-entry technology and thermal protection 
systems has been one coherent area of research 
at NASA Ames, starting with the blunt body 
concept, leading to the arc jet complex, and into 
thermal protection tiles. [Figure 17]  The legacy 
of H. Julian Allen and his blunt body concept is 
the safe return of all our astronauts—from 
Mercury through the Space Shuttle—as well as 
the entire package of heat transfer technologies 
that will enable more routine egress from space.  
The concept of bluntness, as well as all we have 
learned about gas and heat flows around blunt 
objects, also remains our principle tool in 
exploring the atmosphere of distant planets, as 
with the Viking, Pioneer Venus, Magellan, 
Galileo and Stardust probes.    
 NASA Ames sits on Moffett Federal Airfield, 
a truly great flying facility, so Ames people have 
grasped the opportunity to explore new areas of 
flight research and air operations. [Figure 18]  
The heritage of flight research at NASA Ames 
dates back to 1940, and in the early days 
included a wide variety of aircraft—like the 
Lockheed P-38F and the Douglas F5D-1—used 
to validate theoretical understandings of 
supersonic airflows around new airframes and jet 
engines.  Lewis Rodert used a variety of aircraft 
to fine tune an efficient whole-aircraft deicing 
system, for which he won the Collier Trophy. 
Ames test pilots were the first to use vortex 
generators to control flow separation on aircraft 
wings.  As high-speed flight research moved 
south to Dryden, Ames test pilots increasingly 
focused on the more complicated airflows 
around slow moving rotorcraft.  The Bell XV-14 
was flown primarily at Moffett Field.  Ames 
people developed the first in-flight aircraft 
simulator for V/STOL research.  George Cooper, 
for many years Ames’ chief test pilot, developed 

the Cooper-Harper handling qualities rating 
scale, which in 1957 became the standard guide 
to aircraft handling qualities and remains in use 
today.  Later Ames test pilots worked closely 
with the Federal Aviation Administration to 
devise certification specifications for vertical and 
short take-off aircraft. 

Befitting its place at the heart of Silicon 
Valley, Ames has led the development of each 
new generation of supercomputer.  As a result, 
others at Ames have been able to pioneer the 
fields of computational fluid dynamics, climate 
modeling, and computational chemistry.  [Chart 
XIX]  One of Ames’ most important 
contributions to the world of aerospace was the 
computation of complicated airflows around 
vehicles.  Harvard Lomax, the father of 
computational fluid dynamics, was a brilliant 
theoretician who laid the mathematical 
foundations of this new discipline in the 1950s.  
He later trained and mentored an entire 
generation of CFD experts.  Since then, Ames 
CFDers continually matched new developments 
in aerodynamics with computing power.  Ames 
acquired the ILLIAC IV, the world’s first 
massively parallel computer, in 1972 and over 
the decades has worked with industry partners to 
continue to push the development of larger and 
more efficient supercomputers.  Ames recently 
installed the Columbia, the largest and fastest 
Linux-based supercomputer, offering NASA a 
ten-fold boost in its computing and imaging 
power. 

A long-term collaboration between NASA 
Ames and the Federal Aviation Administration 
has infused our national aerospace system with 
greater safety, efficiency and timeliness. [Figure 
20]  Ames' contributions to air traffic 
management include two modern flight systems 
of great value to air traffic controllers.  The 
Center TRACON Automation System (CRAS) 
follows aircraft in flight, and the Surface 
Movement Advisor (SMA) improves the flow of 
aircraft on the ground around airports.  In 
addition, NASA Ames has led the development 
of scheduling algorithms and computer 
networking that will allow further automation in 
air traffic control. 
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 To take one final example, Ames’ many 
experts in the life sciences and planetary sciences 
virtually invented the scientific discipline of 
astrobiology, which seeks to understand the 
prospects for life in the universe. [Figure 21]  
NASA established its life sciences effort at 
Ames in the early 1960s, led by Webb Haymaker 
and Harold Klein, an Ames Hall of Famer.  
Astrobiologists considered Klein the godfather 
of their discipline, and indeed he did a superb job 
in orienting all manner of NASA and university 
scientists toward common questions at the birth 
of our space age.  Klein also gained fame as 
principal investigator on the Mars Viking 
Lander—the first robotic spacecraft to conduct 
scientific experiments on another planet.   
 Since the 1960s, Ames has done much 
fundamental research on the habitability of 
humans in space flight—on microgravity, 
radiation biology, space suits, miniature 
biosensors and human factors.  Ames people also 
led the development of most major space-borne 
biological laboratories, including the 
Biosatellites, the Cosmos-Bion flights, Spacelab, 
and the Space Station Biological Research 
Project.  Ames people also charted the origins of 
life in the universe, and breathed life into the 
field of exobiology.  This group led, among other 
things, the life detection experiments flown 
aboard the Viking Lander on Mars, and 
technologies for the biological quarantine of 
planets.  Ames also provided the first home for 
SETI, the scientists leading the search for 
extraterrestrial intelligence, as well as the home 
of the Kepler project to chart other places in the 
universe that may nurture life.   

Building on this accumulated expertise in 
the prospects of life in the universe, Ames people 
created the NASA Astrobiology Institute.  
[Figure 22]  Astrobiology is arguably the hottest 
new scientific discipline.  Nobel laureate Baruch 
Blumberg was named the first director of NAI in 
1999.  Since then it has enrolled as members a 
variety of university and international partners, 
doing a vast array of research projects. 

 The NASA Research Park is how Ames 
intends to bolster its collaboration with Silicon 
Valley biotechnology and information 
technology firms, as well as with the world-class 
universities to which it is often compared. 
[Figure 23]  NASA Research Park is being 
developed to create a world-class, shared-use 
research and development campus for 
government, academia, non-profit and industry 

to support the mission of NASA.  Carnegie-
Mellon University has already located in the park 
its principal research center in robotics.  And the 
University of California at Santa Cruz, renowned 
for its leadership role in planetary sciences and 
nanotechnology, has already forged with Ames 
an innovative University Affiliated Research 
Center.   

It is impossible to speculate how NASA 
Ames will reinvent itself in the future.  NASA 
Ames now hosts the largest and most vibrant 
group of researchers of any federal laboratory in 
nano-scale science and technology.  If Ames 
succeeds in making nanoscience relevant to 
NASA’s missions to explore our planet and the 
universe, then perhaps historians six decades 
hence will look at the present time as the time 
when Ames once again reinvented itself by 
birthing a new field of science and a new family 
of significant technologies. [Figure 24] 

 
 

 

Figure 1 - 1400s: Da Vinci Helicopter 
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Figure 2 -1783: Montgolfier Balloon 
 

 
 
Figure 3  1898 Mars Capsule by H.G. Wells, 
Copyright owned by Warwick Bennett  

 
 

 
 

Figure 4 - 1884: Hybrid Balloon/Propeller 
("Le France") 

 

 
 

Figure 5 - 1869: Hybrid Balloon/Propeller  
("Avitor") 

 

 
 

Figure 6 - 1903: First Powered, Controlled 
Flight: Wright Brothers & Flyer 

 

 
 

Figure 7 - John J. Montgomery by his 
glider, “Santa Clara,” 1905.  Image used 
courtesy of Santa Clara University, 
obtained from 
www.siliconvalleyhistory.org  
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Figure 8 - First Century of Flight, 1903-
2003 

 
 

 
 

Figure 9 - Moffett Field, 1940 
 

 

 
 
Figure 10.- 1934: Macon & Sparrowhawk 

 

 
 
 Figure 11 - NACA Laboratories 
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Figure 12 - NASA Ames Facilities 

 

 
 

Figure 13 - Major Aerospace 
Establishments in the Bay Area 

 

 
 
Figure 14 - Ames Hall of Fame 
 
 
 

 
 
Figure 15 - Center Directors 

 
Figure 16 - 65 Years of Innovation 
 
 

 
Figure 17 - Ames Projects 
 

 
Figure 18 - Entry technology 
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Figure 19 - Flight Research 
 

 
Figure 20 - Advanced Supercomputing 
 

 
Figure 21 - Air Traffic Control  
 

 
Figure 22 - Life Sciences 
 

 
Figure 23 - Astrobiology 
 
 

 
Figure 24 - NASA Research Park 
 

 
Figure 25 - The Future of Ames  
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The Art and Science of Designing Structures to Resist Earthquakes  
 

Brian McDonald, Ph.D., S.E. 
Principal Engineer and Practice Director 

Exponent Failure Analysis Associates, Menlo Park, CA 94025 
 

Abstract 

Much of the science behind engineering design of buildings and bridges to resist earthquake 
ground shaking was developed by Structural Engineers right here in the Bay Area.  While it may 
seem that Civil / Structural Engineering would be a mature, static discipline based on well-
established concepts of Newtonian physics, earthquake engineering actually continues to change 
dramatically, often in response to vulnerabilities exposed with each new earthquake.  This article 
describes the latest evolution in the art and science of earthquake resistant design. 

Structural Engineers (a specialty discipline 
within Civil Engineering) are responsible for 
making our buildings and bridges safe to occupy 
during major earthquakes.  The art and science of 
structural engineering continues to evolve as we 
learn more about earthquakes, and how some 
types of buildings can survive strong ground 
shaking, while others cannot (Figure 1).  This 
article describes the next generation of 
earthquake resistant design technology, which is 
being researched and developed right here in the 
Bay Area. 

 
 

Figure 1. Dramatic Building Damage 
from the 1995 Earthquake in Kobe, Japan 

First, a little background on seismic design – 
some of which may surprise you.  Designing for 
earthquakes is very different from designing for 

other loads such as wind or gravity.  For 
instance, when designing a building for wind 
pressure, the engineer will determine what size 
beams, columns, braces and connections are 
required so that they are strong enough to 
withstand a strong wind without damage.  (By 
strong wind, we refer to a design level wind, 
typically one with a return period of 50 years; 
except for nuclear power plants, engineers do not 
design structures to withstand direct tornado 
strikes or their windborne missiles.)  Safety 
margins implicit in current building codes ensure 
that, assuming the building is properly designed 
and constructed, it will not be damaged by 
design level winds, and collapses of modern 
buildings or bridges due to strong winds are 
extremely rare. 

However, major earthquakes are generally 
capable of delivering much more severe loads to 
our structures than wind.  It is generally accepted 
that it is not economically feasible (and perhaps 
not even technically feasible) to design our 
buildings such that they would not be damaged 
in large earthquakes.  Traditionally, the intent 
has been to design buildings such that they suffer 
only cosmetic damage in small earthquakes, they 
suffer only readily repairable damage in 
moderate earthquakes, and they do not collapse 
(though they may be irreparably damaged!) in 
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large earthquakes.  Engineers have traditionally 
designed buildings to meet the third objective, 
and have left the other two (limited damage in 
moderate and weak earthquakes) to take care of 
themselves. 

Designing buildings to suffer some, but not 
too much, damage (earthquake design) is much 
more technically challenging than designing 
buildings to be strong enough to withstand loads 
without damage (e.g., wind design).  This is 
because the building response to ground shaking 
changes as it suffers damage, becoming more 
complex and more difficult to predict.  An 
undamaged building’s response to moderate 
loads is essentially linear elastic.  The term linear 
means that the deformation of the building is 
directly proportional to the load: If a wind 
pressure of 10 pounds per square foot (psf) 
distorts the building about ¼ inch at the roof, a 
20 psf wind pressure will distort the building 
about ½ inch; this is an example of a linear or 
proportional response.  The term elastic means 
the building will rebound after the load is 
removed.  For instance a building that is plumb 
before the windstorm will return to plumb 
afterward.  Linear elasticity, which greatly 
simplifies prediction of building response and 
thus simplifies building design, is the basis of 
most structural engineering. 

Strong ground shaking distorts buildings 
beyond their linear elastic range, resulting in 
damage.  Common structural damage includes 
cracking and spalling of concrete beams and 
columns, bending and buckling of steel beams 
and braces, shifting of wood frames along their 
foundations, and failure of the bolts, reinforcing 
bars and nails that tie structural components 
together (Figure 2).  Each increment of damage 
can result in a loss of strength and stiffness, 
causing the resistance of the building to degrade 
with each cycle of shaking; this is one source of 
the nonlinearity associated with earthquake 
loads.  Ultimately, if it suffers sufficient damage, 
the building will collapse.  Recall our objective 
for severe earthquakes is to allow some damage 
but not so much that collapse is likely – in some 
cases this can be walking a fine line, and relies 

on art (engineering judgment and experience) as 
much as science.  One way engineers accomplish 
this objective is by designing buildings to be not 
only strong, but also flexible (engineers prefer 
the term ductile) so that they can bend (that is, 
suffer damage) without breaking (that is, 
collapsing). 

 
 

Figure 2. Building Frame Distortion 
under Earthquake Loads.  (The variable X 
measures roof deflection, as plotted in 
Figure 3.) 

Up until recently, limiting damage was 
commonly accomplished by following simple 
rules prescribed in the building code.  (Building 
code prescriptions must, by necessity, be simple 
in order to make them usable by structural 
engineers tasked with designing buildings in a 
timely and efficient manner, but the science 
behind the prescriptions is by no means simple.)  
The simplified building code rules allow 
engineers to design structures based on an 
equivalent linear elastic response (Figure 3).  In 
this way, buildings are designed to be strong 
enough to withstand an equivalent load 
(somewhat smaller than real earthquake loads) 
without damage, but using construction details 
that would allow the structure to tolerate damage 
(deformations outside the linear elastic rage) 
without breaking. 

As the science of earthquake engineering 
continues to improve, new methods are being 
developed that take advantage of the computing 
power and software now available to any 
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structural engineer.  One new methodology, 
known as Performance Based Earthquake 
Engineering, or PBEE, has already been used to 
design high-rises on the west coast.  Performance 
based earthquake engineering is being developed 
by university researchers and practicing 
engineers around the country, with much of the 
key work being done here in the Bay Area, and 
in particular at Stanford and Berkeley.  PBEE is 
motivated not only by recognition of the 
potential improvements (over equivalent linear 
methods) for minimizing the chance of collapse 
in major earthquakes, but also because it 
provides a framework for limiting expensive 
damage due to less severe shaking. 

 
 

Figure 3. Simple Linear (undamaged) 
Response Compared to Nonlinear (damaged) 
Response for the Frame in Figure 2 

PBEE incorporates three improvements in 
the science of structural engineering.  The first, 
mentioned above, is improved computing power 
and software that allows engineers to more easily 
simulate the response of buildings, accounting 
for nonlinearities associated with damage and 
degradation that occurs with each pulse or cycle 
of shaking.  The second improvement is better 
understanding of how damage to building 
components correlates with building 
deformations or floor accelerations.  This 
information needs to come from both from 
laboratory testing as well as from damage 
surveys after earthquakes.  Lastly, we have an 

improved understanding of seismicity and the 
characteristics of the earthquake shaking that 
might be expected at any given site.  Large 
internet-accessible databases of measured ground 
shaking from prior earthquakes enable practicing 
structural engineers to choose representative 
earthquakes and “test” their building designs 
using computer models of the structure and 
simulated ground motions. 

The next generation of structural engineers 
will find the science of earthquake engineering to 
be far advanced of that of their fathers.  Using 
new tools based on these advances, in 
conjunction with their own judgment and 
experience, engineers can do a better job 
protecting not only life and limb but also 
expensive property. 
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