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Semiconductor Manufacturing in IBM, 1957 to the 
Present: A Perspective 

Over the past  twenty-five  years we have witnessed the transition from  germanium-based, individual transistors in their 
hermetically sealed enclosures to VLSZ silicon devices interconnected in modular packages containing more than 50 000 
logic circuits or as many as 500 000 bits of random-access  memory. During this progression, manufacturing facilities 
producing these  modern  products  have  become more  complex  and  technologically  more  sophisticated  than those of any 
other  industry. This review traces these  fast-moving changes as  they  have occurred in ZBM, emphasizing the continuous 
expansion of manufacturing skills and disciplines and how these, in turn,  have  contributed to the development of today's 
products and their respective manufacturing systems. 

Introduction 
Today  the  semiconductor industry is of worldwide scope, 
its  products  pervasive wherever electronics  are applied. 
The remarkable progression,  over  the  past  quarter centu- 
ry, from  circuits fabricated with discrete germanium 
transistors  to Very-Large-Scale-Integrated (VLSI) silicon 
products with thousands of interconnected  circuits, has 
been brought about by  many contributors.  This industry 
has always  been one in which all of its participants 
continuously add  to  and  share in its  progress. 

Of the many kinds of semiconductor products, digital 
applications have  experienced  the most dramatic im- 
provements in cost,  increased  function,  and overall reli- 
ability. Initially paced by  their  applications  in computers, 
communications, and weapons systems, digital integrated 
circuits are now the  basis for calculators,  watches, indus- 
trial instrumentation, automation controls, automotive 
ignition systems,  electronic  typewriters,  and  even video 
games. 

The wide acceptance of these  products  has been heavi- 
ly motivated by significant reductions in cost;  the  cost  per 
transistor in a VLSI chip is more than  three  orders of 
magnitude less  than  its original discrete  equivalent. More 
important  is  the  value of the functional product in reduc- 
ing the  cost of electronic packaging and improving reli- 
ability. These  accelerating improvements are all the more 

remarkable since  semiconductor  structure  and  process 
have become more  complex, and materials, capital, and 
labor  costs  have steadily  increased. 

This paper  traces  the expansion of semiconductor 
manufacturing as it occurred in IBM, highlighting its 
sometimes  unique  approaches to fulfilling the varied 
needs of the  Corporation's wide range of products. Em- 
phasis is placed on  two major  themes: first,  the evolution 
of the technology; and  second,  the  contributions of 
manufacturing (as distinct  from product development), 
outlining its accomplishments, its  growth  in  complexity, 
capacity, and influence on product  design. 

Describing the rapid advancements of semiconductors 
as  an evolutionary process  is overly  simplistic.  As well- 
established techniques  are exploited, extended,  and opti- 
mized,  they also  approach  their basic  limitations. These 
limitations,  when coupled with the  increased  demands of 
succeeding products, stimulate the  need  for  better meth- 
ods.  The  continuous addition of innovative techniques 
has been  the main contributor  to maintaining the com- 
pound growth rate of semiconductor devices.  Since old 
techniques are  frequently used to  advantage in the fabri- 
cation of new products, this  superposition of old upon 
new,  an evolutionary-revolutionary trend,  appears  to be a 
better way to explain  this accelerated  growth. 
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As these new semiconductor  products  are  introduced, 
it is the  task of manufacturing to assimilate the new 
technologies and  to  reduce them to economic practice. 
But  as  the manufacturing  complex responds in scaling up 
and controlling new  technologies, it  assumes  an addition- 
al  responsibility  which is equally  demanding: New prod- 
ucts invariably have  characteristics requiring the devel- 
opment of new  kinds of test,  control,  and logistical 
systems.  The  execution of this twofold mission has led to 
a continuous  addition of new disciplines and acquisition 
of new skills by the personnel  who create,  master, and 
operate  the manufacturing  complex. 

The  paper  is organized  chronologically,  with the flow 
by product  rather  than by  technology. Following this 
introduction,  the  section The germanium  legacy begins 
with a description of IBM’s fully automatic system for 
manufacturing  germanium alloy transistors. Designed, 
developed,  and implemented  by  manufacturing, it  was  the 
first of its kind in the  industry.  The  next  product was the 
first  germanium transistor in the industry to form both 
junctions with solid state diffusion. It  introduced  the 
batch fabrication of transistors in wafer form. This  new 
direction, which all manufacturers  were  taking,  was  prob- 
ably the most significant contributor  to  the economic 
advance of semiconductor manufacturing. The limitations 
of early semiconductor packages are  then  discussed, 
illustrating a growing influence of manufacturing on prod- 
uct design. 

The next section, Silicon  hybrid  integrated  circuits, 
details the  manufacture of Solid Logic  Technology (SLT), 
the first semiconductors uniquely designed for IBM’s 
own computers. Silicon  replaced germanium,  and a new 
package  interconnected planar semiconductors and  pas- 
sive components  to  form integrated  circuits. Key  to  these 
advances  was  IBM’s pioneering of glass  passivation to 
hermetically seal  transistors during  wafer  fabrication. 
The Monolithic  integrated  circuits section outlines the 
adaptation and  extension of SLT  for monolithics. It 
covers  the  introduction of the industry’s  first monolithic 
memory chips, which  led to  another major  expansion in 
IBM  semiconductor manufacturing to quickly  replace a 
matured base of large-scale  magnetic-core  manufac- 
turing.  A  section on LSZ-FET highlights the development 
of new  manufacturing systems designed to  make custom 
LSI. Silicon planar technology  was now so mature  that it 
could be quickly adapted to the integration of Field-Effect 
Transistors  (FETs)  at  even  greater  densities  than  the 
competing  bipolar circuits. 

The final section, The road  to VLSZ, brings us  to  the 
state of the art as  the semiconductor industry  faces  its 
next  frontier,  VLSI.  The first 64K-bit RAM memory 

chips (K = 1024) demonstrate  the  increased complexity 
of semiconductor structure  and  process.  To illustrate the 
reduction of semiconductor development into specific but 
highly sophisticated  disciplines, two  aspects of technolo- 
gy are briefly reviewed-lithography and yield manage- 
ment.  Finally, in contrast  to  the isolation of separate 
technologies, the  paper closes with the  description of a 
totally  integrated  manufacturing system which uniquely 
combines its own process, tools, computerized measure- 
ment, information, and logic systems. 

The  germanium  legacy 
By 1957 the decision to design all future  IBM circuits with 
solid state  devices  had  been made. Compared  to  others in 
the  industry, IBM’s  production of germanium transistors 
was  modest. The  product  scope was limited to five 
switching transistors,  two complementary  npn and  pnp 
(utilizing alloyed junctions), two more  advanced  struc- 
tures  (complementary,  npn, pnp utilizing alloyed emitter, 
diffused base),  and a medium-power alloyed-diffused 
transistor.  The majority of semiconductor  devices  in  IBM 
products were procured from the  industry,  but many 
were manufactured to  our design and  process specifica- 
tions. The alloyed-diffused structures  were undergoing 
rapid  improvements that would culminate in the develop- 
ment of the  mesa  transistor. On the  other  hand,  the less 
expensive alloy devices were finding large  applications 
where  their low performance  was  adequate; consequent- 
ly, manufacturing moved  to completely  mechanize their 
fabrication. 

Completed in 1959, this  completely  mechanized system 
[l] assembled  single-crystal  germanium disks, metal-alloy 
cylinders  (for emitter  and collector), a pre-tinned  concen- 
tric-base electrode,  and  two  contact wires  (for  emitter 
and  collector)  in a multi-piece carbon jig. Each  jig, 
combining just  one  set of parts,  was  passed through 
continuous furnaces  to form the  junctions  and  fuse  the 
electrodes.  The jigs were disassembled  automatically  and 
the  extracted  transistors were  automatically  welded to a 
three-lead stem, chemically etched,  cleaned, enclosed 
with a hermetically  sealed cap, and tested.  The  entire 
sequence  took only three  hours.  The  system could be 
operated,  at variable  throughput rates,  to a  maximum of 
3600 units per  hour.  The  fact  that  the  entire  procedure  can 
be described  in one  paragraph testifies to  the simplicity of 
these early transistor  processes. 

This  automatic  system was in sharp  contrast to the 
conventional  manual  assembly line which depended  upon 
the dexterity of experienced  operators  often working with 
microscopes. Only three people were now  required to 
monitor the  status of the  entire  system  and to direct 
corrective action as required. Once  the  system  was 
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installed and debugged, its learning curve  was  steep. 
Within three  months  its yield surpassed  that of the  batch, 
manual  assembly  line  and approached  the ultimate. In 
one ninety-day period, operating  continuously  except for 
adjustment  and maintenance, it yielded an average of 
2600 good transistors  per hour at final test.  The  success of 
this system was  not one of economics alone.  It convinced 
us  that what  was originally perceived as  very artful 
technology  could  be scientifically understood  and con- 
trolled.  We  now saw  how essential it  was  to specify and 
control  each of the fabrication sequences which critically 
determined the  transistor  construction. 

Given a sound  design, the  product yield is dependent 
upon  the overall  integrity of the manufacturing process. 
Transistor  processes  gave almost no allowance for repair 
or rework,  and maintaining process  control required 
dependable  machinery  as well as  techniques which con- 
tinuously  monitored every  stage of the fabrication pro- 
cess. A big advantage of the alloy-transistor manufac- 
turing  system was the  short time it  took from start  to final 
test (only three  hours).  Thus, in-process data could be 
quickly combined with final test  results  to diagnose 
process faults and  to  take  corrective  action. Projecting 
ahead,  future  products would have  increasing numbers of 
fabrication sequences. Consequently, we would have  to 
find other ways to  partition,  measure,  control,  and feed 
back in each element of the overall process: this would be 
the guiding principle in yield management. 

IBM  released  what would be the  last of its germanium 
transistors  to manufacturing  in 1959. This double-diffused 
device was most important  because  its technology  was a 
precursor  for much of what would become  standard 
practice in succeeding silicon products. Unlike the  pnp, 
alloyed-emitter,  diffused-base mesa  transistors, this npn 
device had both the emitter and  collector  junctions 
formed  by  high-temperature diffusions. Even in this  early 
application of the  control of donor  and  acceptor distribu- 
tions by diffusion it was  almost an  order of magnitude 
better  than alloying techniques. The  unmasked base 
diffusion was over  the entire  wafer.  But the emitter 
diffusion was  defined  by  selective  masking. The tech- 
nique  (conceived and perfected by manufacturing)  con- 
sisted of evaporating  thick  spot-like deposits of sodium 
chloride  through a stencil mask and then  vacuum-deposit- 
ing a  blanket film of silicon  monoxide.  When the salt was 
subsequently dissolved,  the silicon monoxide lid separat- 
ed, leaving  a pattern of circular spots of exposed germani- 
um surrounded by the silicon monoxide  which prevented 
penetration of the diffusing species. This selective mask- 
ing procedure,  crude by  today’s standards, may have 
been  the first application of what today  is commonly 
called “lift-off”  lithography. The  procedure  made planar 
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emitters. Emitter  and collector  metal contacts were  vacu- 
um-codeposited  through masks  and  were thermally al- 
loyed.  Collector junctions were still isolated  by chemical 
machining. In  comparison  to  the typical shape of mesa 
transistors,  the resulting structure was  trench-like. We 
had  yet to  progress  to  the all-planar structure. 

Transistors  were now batch fabricated  in two modes: 
hundreds of devices in one wafer, and many wafers 
processed simultaneously  in separate  reactors.  The  pro- 
cesses of vacuum  deposition for  metals  and insulators, 
diffusion for defining the localization of doping species, 
thermal alloying for ohmic contacts,  and chemical ma- 
chining to  shape or selectively  remove materials,  had now 
become  the new techniques  for exploitation.  Mechaniza- 
tion, so useful for  the alloy transistor, would no longer 
play a significant role in  wafer  fabrication  until its  return 
in the  late 1970s. But mechanization was still required to 
interconnect the  transistor  to a package and  to  test  it. 
Semiconductor manufacturing  had  emerged into  two dis- 
tinct phases:  wafer fabrication, and Bond, Assembly, and 
Test (BAT). 

The overall program was  successful in bridging manu- 
facturing  from  alloy to diffused transistors,  but  it  was not 
without its difficulties. The main problem  was  that  the 
transistor was  becoming too small, and consequently it 
taxed mechanization to  its limits. For example,  the auto- 
matic  system  was marginally able to  locate  and bond 
wires to  electrodes 50 pm wide separated by  only 12 pm 
[2]. The  cost of hermetic  stems was threatening  to  exceed 
that of the  transistor itself because of the tight  tolerances 
required for mechanization and  the gold plating  required 
to  protect  the  stem metals from  corrosive chemical junc- 
tion  stabilization processes,  even though gold was  then 
only $35.00/oz. In  the wafer processes,  the dimensional 
control of deposited materials by evaporation through 
stencil  masks was  also approaching its limits. 

As  a  result of this experience, manufacturing began to 
pressure  development  for  structures  and  processes which 
were “manufacturable.” Prior to this time, manufac- 
turing people  had little influence on  the  product design: 
they  accepted the  device design and tooled the  factory  for 
mass  production. But now they  wanted  participation  in 
the earliest stages of product definition. Encouraged by 
the  success of evaporation  and diffusion, they  pushed 
hard  to  extend  these  methods, and to find others  as well, 
so that  the  entire  device could be built in the wafer. They 
also wanted a package whose shape  and dimensions 
would complement automation, eliminate hermetic  seals, 
and minimize the need for chemical processing in the 
post-wafer stages of assembly.  This experience motivated 
manufacturing to build up  its skills by adding the special 



disciplines necessary  to  understand,  design,  and control 
these  processes.  It  was now  competing  with research  and 
development for  the  same kinds of people. 

Silicon  hybrid  integrated  circuits 
By the  late fifties, markets  for  computers  and peripheral 
machines expanded,  due in part  to  the  success of solid 
state circuits. It  was time for a new componentry which 
could  meet the varied demands of all machines.  Toward 
this goal the  development groups switched  the bulk of 
their efforts from germanium to silicon,  which  promised 
greater reliability, lower  cost, and  higher density. Man- 
agement  recognized  this  increasing dependence  on solid 
state electronic components,  and consolidated the related 
engineering and manufacturing  functions.  By  this  time the 
cooperative efforts of semiconductor device [3], circuit, 
and packaging development  groups  were coming to fru- 
ition with an  overall  concept  for packaged electronics, 
tailored for  computer  systems, called Solid Logic  Tech- 
nology (SLT) [4]. Planar silicon semiconductor  devices 
were combined  with passive  components  on a ceramic 
substrate to form  SLT modules, the first level of the  SLT 
packaging hierarchy [5]. Each module contained a unit 
building block such  as  an And-Or-Invert  circuit. 

The  cornerstone of the  SLT  semiconductor  process 
was optical,  chemical  lithography.  Using  optically  gener- 
ated  patterns,  photoresist  was used to define the locations 
where thin-film masking was  to be  selectively  removed by 
chemical  etching.  This method,  repeatedly shaping sili- 
con dioxide for diffusion masks or insulation and metals 
for  conductors,  introduced a new  degree of dimensional 
and geometrical control [6]. 

The most significant innovation  in SLT  was  to combine 
glass  passivation [7] with a unique  terminal structure [8] 
to literally build the equivalent of the old three-leaded, 
glass-metal, hermetic  stem  into each  chip  during the final 
steps of the wafer process.  In many ways this was  the key 
to  SLT  cost  and reliability. The resulting  chip  construc- 
tion immediately  facilitated  mechanization of electrical 
test  and bonding to  substrates.  The  package, now  unem- 
cumbered  with the seal function, could be optimized for 
interconnecting circuits in a near-ideal form  factor  for 
interconnecting to printed-circuit cards. 

But  developing the technology was  not  easy.  The 
problem was  to find a corrosive-resistant, stable glass to 
match and bond to  both silicon dioxide and aluminum. 
The  search  was  often Edisonian.  Having found a chemi- 
cally resistant glass, we next needed a method of applying 
the glass which could  precisely  control thickness  and  be 
pinhole-free. It  was difficult to chemically  machine the 
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a  metal  system  which could make contact  to  the alumi- 
num, seal the  glass,  and  be solderable was  an equally 
challenging problem. 

Fortunately,  when  the glassing process was finally 
developed [9], it  was easily adapted  to mass production; 
but the terminal processes were much more difficult to 
tool.  Preparing the glass and aluminum surfaces required 
sputter cleaning in a plasma. Within the  same  reactor,  the 
chromium, copper,  and gold had to  be  evaporated in 
precise phases  to  exact thicknesses.  Implementing these 
multiprocess reactors  was  to  become a way of life for 
semiconductor engineers  as  future  semiconductors kept 
increasing  their use of complex structures, materials, and 
processes. 

To package the  semiconductor chips into integrated 
circuits, paste-like  materials for  resistors were  printed  by 
silk-screen  lithography and were fired on precision-made 
ceramic  substrates [ 101. With the  requirement  for herme- 
ticity gone, multiple  pins could be economically  inserted 
and  staked  into  the  substrate.  In  one simple “wave- 
soldering” step  the conductivity of screened interconnec- 
tions  was  enhanced,  the pins were  connected, and the 
lands,  where chips  would join, were  pre-tinned.  One of 
the beauties of this method was the  untinnable  cermet 
resistors.  Abrasive trimming, under  computer  control, 
made precision resistors.  Pretested  chips  were  then sol- 
der-reflowed to  the  substrate. 

In this process of soldering  chips to  substrate,  the 
terminal  design and glass  passivation of the chip were  as 
essential to withstanding the  exposure of semiconductors 
to  corrosive flux at high temperatures  as  they were for 
hermetically sealing the devices for environmental  pro- 
tection  in the ultimate  application.  Modules were covered 
by a metal cap, plastically sealed, and tested. Semicon- 
ductor  products  were  now manufactured  in three phases: 
semiconductors,  substrates, and  BAT. 

An alternative to  these hybrid  integrated circuits was 
monolithic circuits.  To  be  sure,  there  were opinions 
within IBM which favored this  alternative. To make the 
decision even  more confusing, there  were  even  some  who 
would have  persisted  on  the germanium track. But in late 
1961, monolithic designs  gave  little  promise that they 
could be built economically in the 1962 to 1%8 time 
frame. The really  decisive drawback  was  their limited 
switching speeds.  These early  monolithics operated  at 
hundreds of nanoseconds while 70 percent of our applica- 
tions required  switching speeds of less than 30 nanosec- 
onds.  The  SLT  team  was  further convinced that  its 
technology, at  the right  time, would readily extend  to 
monolithics. 
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The program objectives  set  at  the end of 1%1 were 
challenging across  the board:  module costs  were  to match 
those of a discrete  transistor; reliability was to  be im- 
proved  by  two orders of magnitude; families of modules 
would cover all performance ranges for a new set of 
computers to  be called Systed360;  and  production vol- 
umes, starting at 50 000 for  the engineering requirements 
in 1962, were to  be  increased by approximately ten times 
in  each of the first four  years of production. 

These objectives were extremely challenging since 
none of the existing tools  or  test  systems  for germanium 
products were applicable,  the  substrate  business was 
new,  and  the  semiconductor tooling industry which exists 
today  was  then in its infancy. To  obtain  the  focus  we 
needed, we departed  from  our traditional  organizational 
structure; we combined the  development,  product,  and 
manufacturing  engineering areas  into  one  dedicated orga- 
nization.  This force  was  further  enhanced with  a team 
from Europe whose  first job was to  participate in defining 
the manufacturing system and  then to implement a sec- 
ond  factory in France.  The  year 1962 was  spent in 
developing the  techniques  for  each of the production 
tools  and in designing the  products. By mid-1963, four 
circuit families (typically having ten integrated  circuits 
each), spanning performance from 7 to 700 nanoseconds, 
were in pilot production. 

The introduction of multiple products,  each with many 
part numbers,  brought a new dimension of complexity to 
semiconductor production. Added to  the old measure- 
ments of quality and quantity was a third element called 
“mix.”  To meet “mix” required  shipments to match the 
exact distribution of parts in every  customer  order.  New 
management methods  were needed in this  changed envi- 
ronment. Previous  semiconductor lines  characteristically 
made  one  product, with relatively fewer processing steps; 
and tools  operating  in fixed set-point mode  were, by 
comparison,  more  predictable  and  easier  to  supply.  The 
logistics for  SLT modules  were significantly more in- 
volved with respect  to both  materials and information 
moving throughout the system. Subassemblies varied- 
crystals by type  and  conductivity, n or p  epitaxial  wafers, 
diode  or  transistor wafers. Each  part  required a  unique 
set of masks.  Routings all varied-fast saturating transis- 
tors  used gold diffusion for minority carrier lifetime 
control while other  types would skip  this step,  diodes and 
transistors  each  used different passivating glasses which 
called for different apparatus.  Substrate  resistors  vaned 
in  numbers  and locations. Specification was required in 
order  to  describe  the electrical and mechanical  sequences 
of each  job and  their  associated  testing. 

Superimposed on  the normal product flow were all 
sorts of special jobs,  such  as priority lots  to  evaluate 
engineering changes in product or process,  and  express 
lots  to make up  for yield variations or to  correct  for 
changing orders  from customers.  Information  directing 
the operations flowed to  the manufacturing  floor, while 
data  on yields, maintenance, work in process,  and quality 
control tests flowed back. 

The  response  to  these requirements was  the develop- 
ment of a series of computerized information systems  for 
production control  and yield management. To facilitate 
this,  the  production lines  were partitioned  into work 
sections  and control  gates.  The  gates  were used to 
regroup batches  into production  lots classified by the  date 
they entered the  system.  This discipline forced produc- 
tion to move forward in unison. The  result was to 
minimize the dispersion of production lots so that  the 
results of production could be  correlated with the original 
process and  quality control data. These  controls  were 
particularly essential  when production was building up. 
During  this time, yields, while continuously rising on  the 
average, would vary widely in the  short  term. Learning to 
manage these  problems proved to be invaluable for 
handling the highly personalized products of the  future. 

As production expanded, experience  reemphasized the 
need to maintain a basic effort (not  involved with immedi- 
ate production problems)  devoted  to  understanding  the 
physics and  chemistry of our  products  and  process.  One 
such  experience  was called “the 200-degree disease.” 
Previously, we had  correlated  an  accelerated  test (24 
hours, 200”C, and bias stress) with long-term life testing 
at  use conditions. We used  the  test  to  sample  the quality 
of each day’s production. And initially nothing  failed. 
But,  as  the  rate of production grew,  we  observed  an 
alarming  and  increasing  percentage of product failing. 
Some good detective work quickly gave  the answer. 
During the reworking of bad  patterns at the aluminization 
step,  the phospho-silicate  glass  (deposited into silicon 
oxide during emitter diffusion) was  inadvertently re- 
moved [ll]. Without it, devices  were demonstrably un- 
stable.  The  immediate solution  was to  take  the yield loss 
and not to  rework. But the fundamental  work which 
followed to  understand  and control  this reliability mecha- 
nism would have  great significance in the development of 
reliable field-effect transistors [ 12-  161. 

In 1964, production of the fifth circuit  family, called 
Advanced  Solid Logic Technology (ASLT), was  intro- 
duced.  It  pressed all aspects of the technology to achieve 
greater  speed  and  density. Diffusion and lithography 
improvements reduced  the vertical and horizontal dimen- 
sions of the  transistors.  To  increase  the density of cir- 6151 
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Figure 1 Learning  curve  for  bipolar  circuits:  relative  cumula- 
tive  average cost per  circuit,  corrected  for inflation, for all 
bipolar  logic and array modules produced at one IBM facility. 

cuits,  the bottom sides of the  substrates  were used for 
added  resistors  and wiring. Combining multiple  transis- 
tors  per chip and chip capacitors,  substrates with in- 
creased  numbers of pins  were  piggybacked to make 
stacked modules each having three  and  four  current- 
switch  circuits. With increased  density and with the 
change from voltage mode  to  current switching  circuits 
[17], loaded  delay was improved to  three  nanoseconds. 
Nearing the  end of  1964, total  production of 50 different 
module types  was approaching one million per month. All 
of the high-production subsystems  had replaced their 
prototypes  and  were in their final stages of optimization. 
Almost every tool  in the program  was important, but 
space  does not  permit reviewing all of these. To give a 
flavor, we will discuss  just one. 

Testing 20 000 000 chips per day  (required in the years 
of peak production)  necessitated automation of chip 
testing. Every  diode or transistor  for a particular module 
had  to  be individually predetermined to  meet  its specifica- 
tion with assurance  greater than 99%, so that  the fraction 
of assemblies  requiring  rework would be acceptably 
small. These  test  systems  accepted 10 000 chip batches 
which  were poured like  sand into vibrating feed bowls, 
where  the unique  terminal  geometry was  used  to orient 
them right-side-up (and  correctly  polarized) to match the 
test  probes which contacted  the chips. Up  to 60 separate 
test formats measured ac and  dc  parameters  and finally 
sorted them.  A  combination of two test  stations, managed 
by one computer-controlled  test system, could sort for 
any  set of test  sequences desired at  the  rate of  36 000 
devices per  hour [18]. 

By 1%7, SLT  had  reached its ultimate efficiency in 
yield and  productivity. Over  the preceding three  years, 
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the learning curve  had been 71%. (This means  that  the 
cumulative  unit cost of all units produced was reduced by 
29% each time the cumulative  production  was doubled.) 
By April of 1967, the 250-millionth module was  made, and 
in that month the  combined monthly production of mod- 
ules by three  IBM facilities  peaked at 50 000 000. The 
portion of the learning curve of Fig. 1  extending  beyond 
SLT  and including all the new bipolar products shows 
that this cost  improvement  rate  has  continued  to  the 
present time. To  put  these achievements into  perspective, 
consider data  from  the Electronic Industries Association 
electronic market  data book: During the  years 1964 
through 1966, the  entire industry  sales for all types of 
monolithic- and hybrid-integrated  circuits  was 77 000 000 
circuits compared  to IBM  production of 130 000 000. 

The reliability of SLT  products  surpassed their original 
projections. Based  on  more than  a billion module hours in 
the field, the modules  produced in 1964 had  failure rates 
of  0.003% per 1000 hours of operation [19]. Two  years 
later, it was three  times  better, largely the result of 
automatic manufacturing.  This is comparable  to a ma- 
chine with 3000 circuits,  such  as  the  CPU of a Systed360 
Model 30, having only one module fail every five years. 

The  SLT program  had  achieved its goals but  there  was 
room for vast improvements.  SLT chip  dimensions  had 
been made  purposely large (0.76 mm') to allow their 
terminal  spacing to  match  the capability of chip handling, 
testing, and screened-thick-film  technology. These chips 
could be  made and  tested  for a  few pennies; consequent- 
ly,  the tradeoff of silicon area  for low-cost  modules  made 
good  overall economics.  Since  the  active  area of the 
transistors occupied less  than  ten  percent of the  chip,  the 
next challenge was  to  use  the silicon more efficiently by 
interconnecting more devices per unit area of silicon. 
This  direction promised reduced cost of circuits per 
module, better  performance with increased density,  and 
increased cost effectiveness for  the  rest of the packaging 
hierarchy  (cards and  boards). With fewer interconnecting 
terminals per  circuit, improved reliability was expected. 

Monolithic  integrated  circuits 
The invention of the first monolithic integrated  circuits is 
generally attributed  to J. Kilby [20] at  Texas  Instruments 
and R. Noyce [21] at Fairchild. By 1964, many  manufac- 
turers  were marketing  monolithics. These early products 
were  expensive  and relatively slow in performance,  but 
they were  clearly the  wave of the  future. 

The first  monolithic  integrated  circuit came  to manu- 
facturing in IBM  in 1966  [22]. Besides its desirability as a 
product, this 16-bit random-access  memory  chip, called 
SP-95, was an excellent learning vehicle. Its orderly 
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structure could be  densely  packed  without stressing  our 
lithography. It  extended  the  SLT  processes of diffusion 
and lithography to  construct  resistors  and  to effect p-n 
junction isolation. 

This first monolithic memory product pioneered  two 
process innovations. First,  the frit  seal  glass  encapsula- 
tion was replaced  with silicon dioxide deposited by radio 
frequency  sputtering  from a quartz target [23]. Sputtering 
allowed the deposition of high-melting-point materials at 
low temperatures. Characteristically, the  type of glass 
whose coefficient of thermal  expansion matches that of 
silicon has a melting point greater  than  that of the 
aluminum-based  alloys  used for metal  interconnection. 
The  quartz seal made  the system  mechanically  more 
reliable and  had  the  further  advantages of fewer  defects 
and improved thickness control. 

Secondly,  to  meet  the  needs  for  more terminals at 
closer spacings on  the  substrate, a new procedure was 
introduced called Controlled  Collapse  Chip  Connections 
(C-4) [24]. Instead of using copper balls to confine the 
mating chip and  substrate  solders, this method substitut- 
ed a screened  and fired  glass  dam on  the  substrate which 
localized  a  solder  volume of sufficient height to eliminate 
thermal  fatigue [8]. Surface tension forces  were used to 
bring  chips into  exact alignment with substrate  pads 
during  solder reflow. In 198 1, this process  was still in use 
with products having as many as 289 terminals per chip. 
In all other  respects  the substrate-module  fabrication  was 
the  same  as it had  been  for  SLT modules. 

During the mid-sixties, we had returned  to  our tradi- 
tional  organization,  which separated  the  development and 
manufacturing functions. While development was defin- 
ing new  monolithics for logic and memory, manufac- 
turing, now certain  that silicon planar  technology  was 
here  to  stay, began to extend  that  technology on their 
own. At the time, three plants  were  operating and a fourth 
was being built in Germany. Besides  having the general 
complement of skills  necessary for  semiconductor manu- 
facturing, each plant also had a special mission for 
supplying  the  technology of a  particular  section of the 
process hierarchy: One plant would be  responsible for 
diffusion, insulators,  and metallurgy; another specialized 
in  chemical vapor  deposition, photolithography, or mask 
technology, etc. 

With this deployment of resources, a host of new 
production subsystems were  developed: a computer- 
controlled,  automatic system for  crystal growing;  a mask- 
to-wafer alignment system which included  mechanized 
wafer  handling; a unique method for flattening  wafers [25] 
to improve the  optics; mechanized systems  for applying, 

drying, and developing photoresist;  and a new test  system 
for 20-terminal chips. 

New logic and memory products moved into manufac- 
turing. While they were developed  in one  location, re- 
mote  manufacturing plants were responsible  for  their 
production. The logic products, called Monolithic Sys- 
tems Technology (MST) [26], had two  performance  cate- 
gories, six and  ten  nanoseconds.  To minimize logistics, 
the  master slice [27, 281 approach  was  taken, wherein 
each  product  set  is  made in a common  design until the 
wafers reach  the metallization step,  at which  point each 
particular  circuit has  its unique  interconnection pattern 
engraved. We capitalized on  our multichip modules to 
average six circuits  per module. 

Much more important than MST was  the memory 
program.  After the  success of a @-bit chip,  the decision 
was  made  to build all future memories  with  semiconduc- 
tors instead of magnetic cores or thin films. This  brought 
another major buildup  in  production capacity. Manufac- 
turing started with a 128-bit chip [29, 301. Four chips in a 
stacked module made a 512-bit module. Even  at  the  start, 
it was  clear that  these memories would require new 
models  almost  yearly.  As  soon as yield could be im- 
proved,  the optimum level of integration would be  raised. 

Large-Scale  Integration-Field-Effect  Transistors 
At the  start of the  seventies, manufacturing  added  Insu- 
lated-Gate  Field-Effect Transistor  (FET) technology on 
top of an expanding set of bipolar-based products. Al- 
though FET  circuits could  not operate  as  fast  as bipolars, 
they could be  made with significantly fewer  steps  at 
higher circuit densities  and at lower costs.  The fabrication 
processes  for bipolar and  FET were very similar: both 
used diffused junctions  and oxide-insulated  metal  inter- 
connections,  but  the basic  principles of their operation 
were entirely  different. In  the  FET,  the  oxide in the  gate 
structure had to  withstand high electric fields. Yield and 
stable  operation,  therefore,  depended  upon  close control 
of the  properties of the silicon-oxide interface.  Inadver- 
tent introduction of mobile ions,  such  as  sodium, resulted 
in  faulty devices.  Consequently,  the  success of FETs 
depended heavily on a new degree of process “cleanli- 
ness.’’  Both logic and memory products used n-channel 
devices [3  11 for  better performance but  they were highly 
susceptible to field-induced motion of unwanted contami- 
nants.  Over  the  past  decade, basic research throughout 
the industry and  at  IBM [32] had developed a sound 
understanding of the  causes  and  cures  for various  kinds of 
FET instabilities. Nevertheless, it was  an  art  to imple- 
ment,  control,  and maintain these  processes. 653 
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Despite  the  increased sensitivity of FETs  to thermal 
and  radiative processes (like radio frequency  sputtering 
the passivation), the  FET products  were  able to utilize 
the MST passivation  and terminal system. :Key in this 
adaptation was the development of new processes for 
thermal annealing in hydrogen atmospheres [33, 341. To 
fabricate  these new  products, a program with three teams 
was  organized, each  at a different site. One  team concen- 
trated on  perfecting the technology,  using a memory 
product  for a test vehicle.  They  coordinated with the  two 
product program teams, one  for main memory  and the 
other  for logic, for  the extremely  cost-sensitive low- 
performance  applications [35]. 

The logic program, called Emerald, had two additional 
challenges: one involved  the  semiconductor  fabrication, 
and the  other the first-level package.  Emerald  was IBM’s 
pioneering effort in making custom  semiconductor  prod- 
ucts tailored to  the design and  functional  requirements 
specified by each  customer. Previous logic products, like 
MST,  consisted of a fixed number of different parts, 
designed by semiconductor circuit engineers. Each ma- 
chine designer selected  from  the set  those  he required to 
implement his system. In this new approach, using an 
automatic design system, each machine group designed a 
unique  set of parts which were  optimized for its circuit 
requirements. Thus, Emerald was referred to  as  an  “open 
part number set.” 

Each  order of an Emerald product was  accompanied 
with a digital description of its personality and test 
specification. This  information could be delivered in the 
form of a computer  tape  or directly over wideband 
telephone lines. Thus,  the blueprint was obsolete.  Emer- 
ald did not use a master  slice;  instead, it personalized at 
all levels.  Upon  receipt of a Release Interface  Tape (RIT) 
at  the  factory,  computers would verify and convert  this 
information into a set of instructions which computer- 
controlled machines  used to make the  mask sets [36]. 

Manufacturing now had an added  measure of their 
performance: response time to make initial parts and  their 
subsequent engineering changes. The  speed  at which they 
could react  became a critical  factor in the time it took to 
design and  debug an IBM product.  In response  to this 
new  requirement, the logistics, already  compounded with 
a wide mix of part numbers and several  personalization 
steps, were  streamlined by using two  wafer  fabrication 
lines. One was built to produce the volume orders.  The 
other was designed to quickly process  and test  the 
“engineering” products. These  “quick  turn-around 
lines” (one for masks and one for  semiconductors) orga- 
nized their tools to  operate on few wafers, with minimum 
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control  systems  working in real time on  tools, wafers, and 
masks, these  shorter turn-around time systems could 
produce a finished part in 18 days from receipt of a RIT. 
The conventional line would take  two  or  three times 
longer. 

But these quick  lines still used conventional  tools. With 
a need to become even more  responsive to  the machine 
design cycle,  manufacturing began projects to explore 
other line configurations, using process  tools specifically 
designed to  reduce or eliminate the  inhibitors to product 
flow rates.  The result of these  early  efforts culminated in 
manufacturing systems like QTAT (Quick Turn-Around 
Time) [37], which will be discussed in the last  section. 

The first Emerald products, introduced in late 1971, 
could only integrate about 300 logic circuits. We were  not 
gated by process  yields  (since  we  were  already making 
18K-bit Read-Only-Memory chips), but by the design 
automation systems  then available, which were limited in 
their capability to simulate designs and  to generate the 
required test  formats.  To package these larger  chips with 
more  and  closer-spaced  terminals,  manufacturing  sup- 
plied a  new type of substrate. Silk screening  gave way to 
a new process called metallized ceramic (MC)  [38], which 
used  an  evaporated lamination of chromium, copper, and 
chromium shaped by photolithography. The  area of the 
substrate was increased fourfold to  provide space for  up 
to 100 pins per module. Within a few  years, volume 
production of Emerald  circuits began to  exceed that of 
bipolar products. By  1972, the FET memory had taken 
over most main memory  applications  and  it  was  already 
replacing its first 1K-bit model with the 2K-bit chip 
designed in the Boeblingen,  Germany  laboratory. 

As these FET technologies  were being assimilated, 
new  custom-designed bipolar products were  added as 
well. Compared to  their  FET  counterparts, they had 
higher performance,  but the complications of bipolar 
processes  resulted in optimum yields being achieved with 
only  one-third as many  circuits. Bipolar memory devices 
gravitated to performance-oriented  applications like 
cache  and high-speed local stores. Figure  2  illustrates the 
evolution of bipolar and  FET memory products  at IBM. 

Production of semiconductors  had reached another 
plateau.  Semiconductor technologists and  the machine 
designers could now work jointly to define semiconductor 
products. With the  added choice of FETs or bipolars, and 
the ability to design their own functional  semiconductors, 
each machine designer now had a new  degree of freedom 
to optimize the  circuits for the  unique  requirements of his 
system. 
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The road to VLSI 
Beginning with Medium-Scale  Integration (MSI), and 
rapidly promoting to Large-Scale Integration (LSI), the 
decade of the  seventies witnessed the  steady introduction 
of new semiconductor devices  having  progressively in- 
creased  performance  and functionality.  Today’s products 
mark the  era of Very Large-Scale Integration (VLSI). 
The design, construction,  and manufacture of these prod- 
ucts  are much more involved  than simply building larger 
chips to  accommodate more  circuits. They  have signifi- 
cantly  more structural  features throughout the silicon and 
employ  more intricate thin-film topography. All dimen- 
sions become  substantially  smaller. As a consequence, 
these  “denser”  products  require entirely  new manufac- 
turing systems. 

Two IBM semiconductor  products which began manu- 
facture in 1976 illustrate  the complexity of modern  prod- 
ucts. The first of the  two  is a bipolar,  high-performance 
logic product. It  uses a master  slice, with 704 NAND gates 
for logic or  receivers  and 80 drivers,  three levels of 
interconnection,  and 96 input-output  terminals [39, 401. 
The  second, called SAMOS (Silicon and Aluminum Metal 
Oxide Semiconductor) [41], provides extremely low-cost 
memory. Four custom designs (18K, 32K,  36K, and 64K 
bits per chip) cover a wide range of application. Although 
the levels of integration of these  two  products differ by 
more  than  an  order of magnitude,  each is  an example of 
VLSI in its  respective class of application. 

To achieve their  increased functionality, today’s semi- 
conductors  make  extensive  use of new structural  features 
which exploit a host of new materials and  the most 
advanced process technologies. Some of these technolog- 
ical improvements are 2-pm epitaxy, recessed-oxide iso- 
lations (ROI), silicon nitride for self-aligned emitter-base 
contacts, dual dielectrics of silicon dioxide and nitride, 
platinum silicide contacts for Schottky  barrier  diodes and 
three levels of aluminum-copper alloy insulated with 
sputtered  quartz  and polyimide for interconnections, 
polysilicon for field shields,  and ion implantation for more 
precise  deposition of dopants. 

These new materials-oriented processes required  new 
tools-three-inch-diameter crystal  growers which  pre- 
cisely controlled oxygen  content, Chemical  Vapor Depo- 
sition (CVD) for thin films of silicon nitride, doped oxides 
and polysilicon, rf sputtering  machines for improved 
“planarized quartz,”  and ion  implantors. There  was now 
a major difference in the construction of a manufacturing 
facility: A  companion  industry  had  been spawned which 
specialized in supplying the  semiconductor  houses with 
many of its  capital tools.  IBM process strategy was 
modified to  concentrate on developing those  tools which 
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Figure 2 Productivity growth for bipolar  and FET memory 
chips. The dots and crosses mark actual products. 

were  either  unique  to  its  process  or  required special 
manufacturing attributes. An example of the  former is the 
“planarized quartz” machine [42], and of the  latter,  the 
IBM  electron-beam  direct-writing exposure system [43]. 

It  is hardly possible in this  review to  describe  even  the 
highlights of the manufacturing systems which take ad- 
vanced logic and memory  wafers  through  more than a 
hundred steps. But two  subsystems, lithography and 
yield management,  which are so integral to  the  process 
and  its control,  warrant discussion. 

SLT lithography used  contract printing, a single nega- 
tive  resist and  developer,  and  two chemical etchants,  and 
had  only four masking steps. By contrast, today’s  wafers 
use  optical  projection  and electron-beam printing. Each 
requires  special resists.  The optical resist  is  further 
complicated  by  additional layers used  in the  “lift-off’ 
mode. Plasma  and  reactive ion  etching,  instead of wet 
chemistry, are now  used for superior profile control. 655 
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this  machine  began with the objective of surpassing 
photo-optics in the  control of finer dimensions,  its first 
application was  to meet the unique needs of a logistics 
system. 

Conclusion 
It  is interesting to  look back from  where  we  are  today. 
Twenty-five years ago we accelerated our development 
and  manufacture of semiconductors  because we knew 
they would be so important  to  computers. During the 
sixties and  seventies  semiconductor  products were key to 
the economics of computers.  Now  the  computer itself is 
indispensable to  the fabrication of semiconductors.  The 
rates of advancement in both semiconductors and com- 
puters  have now become mutually dependent. 

The  Hudson  Valley, where much of what we have  just 
reviewed took place,  is  the home of Rip van Winkle. Had 
he gone to  sleep twenty-five years ago and returned 
today,  he would know  there had been a revolution in this 
industry, and no  doubt be  astonished  by  it. From labor- to 
capital-intensive, the  ratio of direct  to  indirect personnel 
is completely inverted. Where at  one time no computers 
existed, they  now abound. While we once  made only a 
few  kinds of transistors in small volume, the Fishkill plant 
in 1981 alone will make 10 000 different part  numbers and 
release 3000 new ones. At the  same time we will still be 
making significant numbers of al l  the old products, some 
of which are  twenty  years old. 

Looking ahead,  it  seems  easy  to  project  the near-in 
trends.  Semiconductors will continue their accelerating 
advance.  The technological  alternatives will continue to 
improve as they try  to survive in their battle  for a place in 
the hierarchy. And with these technological advances, 
new  applications will open  as  density,  function,  cost, and 
reliability become better. 

But the long-range  predictions are  tougher  to make. 
One thing this history  has taught  us: Every time we look 
back  about  seven  years,  we find we  have changed in 
directions which we  had not seen originally. If the  past  is 
prologue,  then while it is unclear what the  next  ten  years 
may bring,  they are  certain  to bring new and  greater 
challenges. 
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